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I 
FOREWORD 

The main o b j e c t i v e  o f  t h e  l as t  y e a r ' s  work w a s  t o  o b t a i n  a 

s c i e n t i f i c  e v a l u a t i o n ,  o u t s i d e  of t h e  U n i v e r s i t y  o f  Minnesota,  of 

t h e  Impedance Cardiograph as a means t o  de te rmine  c a r d i a c  o u t p u t ,  

s t r o k e  volume and o t h e r  c a r d i a c  parameters .  Th i s  w i l l  t h e n  pro- 

v i d e  a wider  spec t rum of e x p e r i e n c e  and o p i n i o n  upon which t o  base  

a f i n a l  d e c i s i o n  as t o  t h e  use of t h e  sys tem d u r i n g  space  f l i g h t .  

I t  i s  wi th  g r e a t  g r a t i t u d e  t h a t  the  c o o p e r a t i v e  e f f o r t s  of  

t h e  i n v e s t i g a t o r s ,  known and unknown, who have p a r t i c i p a t e d  i n  

t h i s  work i s  acknowledged. 

The need i s  enormous f o r  a non-invasive means t o  o b t a i n  i n -  

fo rma t ion  r e l a t i v e  t o  c a r d i a c  f u n c t i o n .  I n  c l i n i c a l  a p p l i c a t i o n s  

it would g r e a t l y  expand t h e  range  of p a t i e n t s  t h a t  cou ld  be s t u d -  

i e d ,  s i n c e  i n  many cases the s u r g i c a l  i n s e r t i o n  of c a t h e t e r s  i s  

n o t  j u s t i f i e d .  The same i s  e s p e c i a l l y  t r u e  of research a p p l i -  

c a t i o n s  where c a t h e t e r i z a t i o n  can only  be j u s t i f i e d  i n  unusual  

s i t u a t i o n s .  

The work r e p o r t e d  h e r e  has advancedthe unde r s t and ing  o f  t h e  

use  and l i m i t a t i o n s  of  the Impedance Cardiograph.  Much r e s e a r c h  

i s  s t i l l  needed t o  b u i l d  up a body of knowledge and expe r i ence  

t o  f u l l y  a p p r e c i a t e  t h e  p o t e n t i a l  va lue  o f  t h e  system. S i m i l a r  

t o  the h i s t o r y  of t h e  e l e c t r o c a r d i o g r a p h ,  it probably  w i l l  t a k e  

y e a r s  t o  a c q u i r e  s u f f i c i e n t  i n f o r m a t i o n  t o  combine p r e c i s e  s c i e n -  

t i f i c  knowledge w i t h  e m p i r i c a l  o b s e r v a t i o n s  i n t o  a widely accep t -  

a b l e  c l i n i c a l  and r e s e a r c h  t o o l .  New concepts  must be 'developed 

t o  advance from measurements of c a r d i a c  o u t p u t  t o  t h e  more i n t i -  

mate mechanisms of myocard ia l  f u n c t i o n .  The  Impedance Cardiograph 

h o l d s  g r e a t  promise i n  t h i s  area. 
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P a r t  I 

The fo l lowing  p o r t i o n  of t h i s  r e p o r t  was p r e s e n t e d  by 

i n v i t a t i o n  a t  two symposia. The f i r s t  w a s  h e l d  du r ing  t h e  

annual  meeting of t h e  American A s s o c i a t i o n  fQr Medical I n s t r u -  

men ta t ion  i n  Houston, J u l y  1 9 6 8 .  The second t i m e  w a s  an  Aero- 

space  Medicine Symposium h e l d  as p a r t  o f  The I n t e r n a t i o n a l  

Congress o f  Chest Phys ic i ans  i n  Washington D . C . ,  October 5 ,  

1 9 6 8 .  I n  bQth  e v e n t s  Dr. Char les  Berry w a s  t h e  moderator .  I n  

each case t h e r e  w a s  ev idence  of c o n s i d e r a b l e  i n t e r e s t  i n  t h i s  

area judging  from t h e  response  from t h e  audience  and t h e  -Ye- 

q u e s t s  f o r  r e p r i n t s  and o t h e r  i n fo rma t ion .  I n t e r e s t  has  ranged 

from q u e s t i o n s  concerning v a r i o u s  c l i n i c a l  a p p l i c a t i o n s  t o  

r e s e a r c h  a p p l i c a t i o n s  such as use  i n  h igh  performance a i r c ra f t  

and t h e  p o s s i b l e  use  on pa rachu te  jumpers du r ing  f ree  f a l l .  

I n  t h e  l a t t e r  case, use of t h e  m i n i a t u r e  u n i t s  developed f o r  

space  f l i g h t  were sugges ted  wi th  an a p p r o p r i a t e  t e l e m e t r y  sys-  

t e m .  I n  t h e  o t h e r  a p p l i c a t i o n s  t h e  s t a n d a r d  Impedance Cardio- 

graph developed i n  o u r  l a b o r a t o r i e s  would m e e t  t h e  requi rements  

f o r  h o s p i t a l  and a i rcraf t  a p p l i c a t i o n s  s i n c e  t h e  dev ice  can 

o p e r a t e  on 1 1 5 V A C ,  ( 5 0 - 4 0 0 )  Hz a t  about  2 5  w a t t s .  T o t a l  volume 

of  t h e  u n i t  i s  approximate ly  0 . 7 5  c u b i c  f ,oot and weighs 1 6  pounds. 

Th i s  should  be s u i t a b l e  f o r  most a i rcraf t  a p p l i c a t i o n s .  
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THE IMPEDANCE CARDIOGRAPH AS A NON-INVASIVE MEANS 

TO MONITOR CARDIAC FUNCTION 

W.G. Kubieek, Ph.D., R.P.  Patterson, M.S.E.E., 
D.A. Witsoe, M.S.E.E., A. Castaneda", M.D. 
R.C. Lillehei&, M.D., and R. Ersekl, M.D. 

Department of Physical Medicine and Rehabilitation 
"Department of Surgery 

College of Medical Sciences 
University of Minnesota 
Minneapolis, Minnesota 55455 
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A f o u r  e l e c t r o d e  Impedance Cardiograph h a s  been developed 

t o  m e e t  a need i n  c l i n i c a l  medicine and r e s e a r c h  l a b o r a t o r i e s  

for a s imple ,  b1ood;less method of moni tor ing  v a r i o u s  parameters  

of c a r d i a c  f u n c t i o n  wi thou t  p e n e t r a t i n g  t h e  s k i n  ( F i g .  1). P r e -  

v ious  work i n  t h i s  l a b o r a t o r y  has  been d i r e c t e d  toward an  e f f o r t  

to e q u a t e  t h e  s m a l l  t h o r a c i c  impedance changes Qbserved du r ing  

t h e  c a r d i a c  c y c l e  to v e n t r i c u l a r  s t r o k e  volume and c a r d i a c  o u t p u t  

i n  human be ings .  The fo l lowing  e q u a t i o n  w a s  used f o r  s t r o k e  

volume : 

AV = p- L2T (dZ/dtImin 
Z 2 0  

AV = v e n t r i c u l a r  s t r o k e  volume (cc) 

p = t h e  e lec t r ica l  r e s i s t i v i t y  of blood a t  1 0 0  kHz 
(average  va lue  1 5 0  ohm-cm) 

L = t h e  mean d i s t a n c e  ( c m )  between t h e  two i n n e r  
e l e c t r o d e s  
( 2  and 3 )  (measured f r o n t  and back) F ig .  3 

Zo = t h e  impedance, i n  ohms, ljetween t h e  two i n n e r  
e l e c t r o d e s  ( 2  and 3 )  F ig .  3 

(dZ/dtImin = ohms p e r  second (F ig .  6 )  

T = v e n t r i c u l a r  e j e c t i o n  t i m e  i n  seconds (F ig .  6 )  

Cardiac Output = s t r o k e  volume x p u l s e  rafe. 

Thus fa r  t h i s  has  m e t  w i t h  l i m i t e d  success  due t o  a v a r i e t y  of  

t e c h n i c a l  d i f f i c u l t i e s  ( 1 , 2 , 3 ) .  Valvular  d i s o r d e r s  f r e q u e n t l y  

make t h i s  c a l c u l a t i o n  d i f f i c u l t  due t o  d i s t o r t i o n s  o f  t h e  

waveforms ( F i g .  7 ) .  

The purpose o f  t h i s  i n v e s t i g a t i o n  w a s  t o  e v a l u a t e  t h e  

Impedance Cardiograph as a non-invasive method t o  monitor  c e r t a i n  

parameters  r e l a t e d  t o  c a r d i a c  dynamics. 
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Methods and Procedure 

Four aluminized Mylar strips attached to an adhesive tape 

backing are placed around the subject as shown in Fig. 1. Two 

strip electrodes are placed around the neck separated as far as 

possible. A third electrode is placed around the thorax at the 

level of the xiphisternal joint and a fourth electrode around the 

lower abdomen. A harness to support the cables connecting the 

electrodes to the impedance system was developed for use during 

various activity experiments (Fig. 2). A schematic diagram of 

the main elements of the Impedance Cardiograph is illustrated in 

Fig. 3 .  Electrodes 1 and 4 are attached to a constant current 

oscillator supplying alternating current at 100 kHz at approxi- 

mately 4 ma. The impedance between electrodes 2 and 3 then pro- 

duces a voltage proportional to the total impedance between im- 

pedance between electrodes 2 and 3. This total impedance has been 

labeled as Z,. This impedance is usually in the range of about 

25 ohms. During the cardiac cycle this impedance changes by 

approximately .1 to .2 ohms (AZ). Two differentiators are built 

into the system to provide the first and second time derivatives 

of AZ. The value of Z, is read out automatically on a digital 

display on the front panel of the instrument (Fig. 4). The 

other outputs (AZ, dZ/dt, d2Z/dt2) are fed into any suitable 

strip chart recorder or a tape recorder. 

cuitry and output terminals are shown in Fig. 5. A typical re- 

cording taken on a normal young adult is shown in Fig. 6. Heart 

sounds, AZ, dZ/dt, and the ECG were recorded to illustrate the 

impedance events in their time relation to the cardiac cycle. 

The solid state cir- 
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From such a recording, the (R-Z) interval, the ventricular 

ejection time (TI and the peak value of the first derivative 

(dZ/dtImin can be determined. 

helpful in confirming the ejection time. AZ was recorded since 

The heart sounds are frequently 

it has been observed that valvular disorders such as mitral valve 

insufficiency produce distortions in the waveform of AZ and con- 

sequently (dZ/dtI, Fig. 7. 

The peak negative value of the first derivative, (dZ/dtImin, 

has been observed to occur-simultaneous with the peak ejection 

rate of the left ventricle in experiments on anesthetized dogs 

in our  laboratories (1967 Final Report). Also, in these ex- 

periments the magnitude of (dZ/dtImin varied in a linear fashion 

with variations in peak ejection rate. The (R-Z) interval in- 

cludes the factor of cardiac contractility as described by Siegel, 

_.- qt al. (4,s) which involves the time from the R spike to the in- 

traventricular (dP/dTImax, as well as the time for the ventricles 

to rewh maximum ejection rate. If future work confirms these 

findings, the Impedance Cardiograph can then provide a simple, 

non-invasive means to determine overall myocardial function. In 

resting, young healthy adults the (R-Z) interval has been re- 

corded from 110 to about 150 msec, with exercise this may be re- 

duced to 60 t o  90 msec. In healthy resting young adults, 

(dZ/dtImin has been noted in the approximate range of 1.4 - 1.9 
ohms per second. With exercise this value can increase to over 

three ohms per second. In three patients diagnosed as cardio- 

myopathy, (dZ/dtImin was found at approximately one ohm per 

second ( . 9  - 1.2). In another case with a severe ventricular 
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septal defect (dZ/dtImin was recorded at 4.6 ohms per second. 

The (R-Z) interval was 60 msec. The ventricular ejection time 

has also been found to vary in relation to pulse rate. 

Another clinical application of the Impedance Cardiograph 

has been as a monitor of cardiac function without measuring the 

various parameters described. The visual observation and com- 

parison of a series of impedance cardiograms following cardiac 

surgery has provided the surgical staff a rapid and convenient 

means to follow the patient's recovery. Two examples are shown 

in figures 7, 8 and 9. Recordings of the heart sounds and (dZ/dt) 

on a patient in which the suture line holding an artificial mitral 

valve had opened are shown in figure 7. The pre-operative wave- 

form of both AZ and (dZ/dt) were greatly distorted due to the 

regurgitation of blood around the mitral valve. Two hours follow- 

ing repair of the valve the (dZ/dt) waveform approximated a normal 

waveform except that the value of (dZ/dtImin was very small in- 

dicating a very feeble ventricular ejection. This correlated 

with the clinical observation of a critically ill patient very 

near a shock status. Twenty-four hours later it can be seen that 

the ventricular ejection was much stronger as indicated by the 

increase in the height of (dZ/dt) and with the waveform improving 

more toward the normal characteristics. This again correlated 

with the clinical observations that the patient had improved but 

was still considered critical. 

In order to assess the value of impedance measurements in 

patients with severe cardiac abnormalities, post-operative records 

were taken on a patient who had received three artificial valves 
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and had an ex t remely  en la rged  h e a r t .  F igu re  8 i s  a photograph 

of  a p o s t - o p e r a t i v e  c h e s t  x-ray o f  t h e  p a t i e n t  showing t h e  t h r e e  

a r t i f i c i a l  v a l v e s  ( m i t r a l ,  t r i c u s p i d ,  and a o r t i c )  as w e l l  as t h e  

g r e a t l y  e n l a r g e d  h e a r t .  Recordings of t h e  (dZ /d t )  impedance 

waveform t a k e n  two h o u r s ,  twenty-four  h o u r s ,  and seventy-two hour s  

p o s t - o p e r a t i v e  are shown i n  F i g .  9.  The two hours  pos t -ope ra t ive  

r e c o r d  i n d i c a t e s  an i r r e g u l a r  h e a r t  ra te  and s m a l l  ampli tude b u t  

t y p i c a l l y  formed ( d Z / d t )  waveform. By 2 4  hours  p o s t - o p e r a t i v e ,  

t h e  h e a r t  ra te  had become more r e g u l a r  and some i n c r e a s e  i n  t h e  

(dZ /d t )  ampli tude i s  seen.  For  t h e  r e c o r d s  shown i n  F ig .  9 ,  t h e  

average  two hour  pos t -ope ra t ive  h e a r t  ra te  w a s  1 5 0  bpm, 2 4  hours  

7 7  bpm and 7 2  hours  8 1  bpm. With i n c r e a s e d  p u l s e  ra tes  i n  normal 

s u b j e c t s  w e  have no ted  a diminished ampl i tude  of  ( d Z / d t )  trac- 

ings  f o r  r e l a t i v e l y  c o n s t a n t  c a r d i a c  o u t p u t ,  t h u s  t h e  s m a l l  ampli- 

tude  s i g n a l s  of t h e  two hour p o s t - o p e r a t i v e  measurement when com- 

pared t o  t h e  2 4  hour p o s t - o p e r a t i v e  measurement could  be due i n  

p a r t  t o  t h e  d i f f e r e n c e s  i n  p u l s e  rates.  I t  i s  of  i n t e r e s t  t o  

n o t e ,  however, t h a t  t h e  p u l s e  rates a t  2 4  hours  and 7 2  hour s  pos t -  

o p e r a t i v e  were approximate ly  t h e  same; whi l e  t h e  7 2  hour  (dZ /d t )  

waveform had a cons ide rab ly  l a r g e r  ampl i tude  i n d i c a t i n g  a more 

f o r c e f u l  v e n t r i c u l a r  e j e c t i o n  and an i n c r e a s e d  s t r o k e  volume. 

S i g n i f i c a n t l y ,  t h e  p a t i e n t ' s  c l i n i c a l  appearance had g r e a t l y  

improved a t  7 2  hours  as he w a s  s i t t i n g  up i n  bed and t a l k i n g  

w i t h  t h e  n u r s e s .  

Although t h e  r e c o r d s  shown on one p a t i e n t  do n o t  provide  

conc lus ive  proof  f o r  a l l  cases, it i s  appa ren t  t h a t  t h e  m e t a l  

v a l v e s  and en la rged  h e a r t  d i d  n o t  affect  t h e  o r i g i n  of t h e  AZ 
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waveform or t h e  r e sponse  of  t h e  waveform t o  i n c r e a s e s  i n  q u a l i t y  

o f  cardiac f u n c t i o n s  such as c o n t r a c t i l i t y  and cardiac o u t p u t .  

A l s o ,  examinat ion o f  t h e  (dZ /d t )  waveform o n l y ,  w i thou t  com- 

p u t a t i o n  of s t r o k e  volume and c a r d i a c  o u t p u t ,  p rovided  t h e  SUF- 

geons w i t h  a qu ick  and convenient  means t o  assess cardiac f u n c t i o n  

wi thou t  t h e  a d d i t i o n a l  s u r g i c a l  trauma associated w i t h  t h e  dye 

d i l u t i o n  or similar t echn iques  f o r  measuring c a r d i a c  o u t p u t .  

Discuss ion  

It appea r s  t h a t  w i t h  a d d i t i o n a l  c l i n i c a l  expe r i ence  and b a s i c  

r e s e a r c h  t h a t  t h e  Impedance Cardiograph w i l l  become a very  u s e f u l  

means t o  o b t a i n  in fo rma t ion  r e l a t i n g  t o  c a r d i a c  f u n c t i o n  wi thout  

p e n e t r a t i n g  t h e  s k i n  i n  bo th  c l i n i c a l  and research a p p l i c a t i o n s .  

I n  a d d i t i o n ,  p r e l i m i n a r y  o b s e r v a t i o n s  i n d i c a t e  t h a t  the  system 

should  be of v a l u e  i n  c e r t a i n  pulmonary diseases. The va lue  Z, 

i s  a measure of  t h e  t o t a l  impedance from the base  of  t h e  neck 

t o  t h e  x i p h i s t e r n a l  j o i n t .  

or edema, t h e  v a l u e  of  Z, w i l l  be low due t o  a g r e a t e r  conduct iv-  

i t y  th rough the  c h e s t .  The converse  i s  t r u e  w i t h  i n c r e a s i n g  volume 

of  a i r  i n  t he  c h e s t .  

i n  d i s t a n c e  between t h e  e l e c t r o d e s  ( 2  and 31,Fig.  3.  It appea r s  

t h a t  t h i s  r a t i o  w i l l  be  of v a l u e  i n  fo l lowing  c e r t a i n  chest 

I n  t h e  even t  of  pulmonary conges t ion  

The r a t i o  of L 2 / Z O 2  c o r r e c t s  f o r  v a r i a t i o n s  

d i s e a s e s  wi thou t  p e n e t r a t i n g  the  s k i n  and w i t h  a reduced number 

o f  c h e s t  x-rays.  

Summary 

1. 

capable  of  p rov id ing  in fo rma t ion  concerning t h e  mechanical  f u n c t i o n  

The Impedance Cardiograph as d e s c r i b e d  h e r e  i s  a d e v i c e  
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of the heart without penetrating the skin. The entire procedure 

is comparable to that of recording the electrocardiogram. The 

system creates no hazard nor discomfort to the patient or experi- 

mental subject. The procedure to obtain the impedance information 

is simple, convenient and inexpensive, suitable for any clinical 

or research application. 

2 .  The 

a. 

b. 

C. 

d. 

device can be used in a variety of applications. 

Various parameters of cardiac function can be calculated 

or measured for a permanent record providing the heart 

valves are intact. 

Serial recordings on a strip chart can provide the 

physician with a rapid and easy means to monitor cardiac 

function. These signals are also suitable f o r  display 

on cathode ray tubes in a cardiac monitoring center. One 

such application would be the simultaneous display of 

(dZ/dt) and the electrocardiogram. Thus any discrepancies 

between ventricular ejection and the ECG would become 

apparent. 

Valvular disorders produce changes in the waveform of 

both AZ and (dZ/dt). This shows promise of value as a 

diagnostic aid. Unfortunately this also makes calcu- 

lation of stroke volume difficult if not impossible. 

The electrodes are disposable, comfortable and have been 

left in place up to four days without difficulties. 

3 .  Further investigation of the Impedance Cardiograph is needed 

to determine the full significance and usefulness of the system. 

The cardiac parametevls observed in this study should also be 
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recorded during prolonged space flight. 

at least pre and post flight recordings should be made. 

If this is not possible, 
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Fig. 1 The disposable electrodes 
made of aluminized Mylar strips 
on an adhesive tape backing are 
shown with the lead wires from 
the impedance system attached. 

CONSTANT 
CURRENT 

OSCILLATOR 

100 K H z  

\ I 

Fig. 2 A view of the Velcro 
harness to support the 
connecting cables. 

\XIPHISTERNAL I I i l  
JOINT z o  az dz/+d*v*e 

Fig. 3 A schematic diagram of the main elements of the 
Impedance Cardiograph connected to the electrodes shown in Fig. 1. 
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Fig. 4 The front panel of the Impedance Cardiograph showing 
the controls and the automatic digital display of Z,. 

Fig. 5 
terminals. 

A view of the solid state circuitry and output 
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Fig. 8 A chest x-ray showing an enlarged heart with 
three artificial valves (mitral, tricuspid and aortic). 

Fig. 9 Recordings of (dZ/dt), two, twenty-four and 
seventy-two hours following surgery to insert the valves 
shown in Fig. 7. Time marks 100 msec. 



1 6  

PART I1 

A COMPARISON STUDY OF SIMULTANEOUS CARDIAC OUTPUT DETERMINATIONS 
BY THE IMPEDANCE METHOD AND INDICATOR D I L U T I O N  TECHNIQUE 

OR THE F I C K  METHOD 

Following pages d i s p l a y  the name and address of t h e  p r i n -  

c i p a l  i n v e s t i g a t o r s  who have conducted comparison s t u d i e s  

between t h e  impedance and i n d i c a t o r  d i l u t i o n  t echn iques  and 

have submi t ted  d a t a .  On t h e  o p p o s i t e  page i s  a br ie f  d e s c r i p -  

t i o n  of t h e i r  expe r imen ta l  des ign .  I n  a d d i t i o n ,  D r .  Loren 

Heather ,  Orange County Medical Cen te r ,  Orange, C a l i f o r n i a  and 

D r .  Homer Warner, Latter-Day S a i n t ' s  H o s p i t a l ,  S a l t  Lake C i t y ,  

Utah have s i m i l a r  p r o j e c t s  under way b u t  have n o t  as y e t  sub- 

m i t t e d  d a t a .  A l l  o f  t h e s e  i n v e s t i g a t o r s  are t o  be commended 

f o r  t h e i r  work i n  a very s h o r t  t i m e .  I n  most cases t h e  Imped- 

ance Cardiograph w a s  d e l i v e r e d  t o  t h e s e  c e n t e r s  i n  t h e  l a t e  f a l l  

of 1 9 6 7  or w i n t e r  of  1 9 6 8 .  D r .  Smith and h i s  co l l eagues  a t  

Marquet te  U n i v e r s i t y  o b t a i n e d  a u n i t  on l o a n  f o r  f o u r  months 

t h i s  p a s t  summer. The l i s t i n g  of  the  p r i n c i p a l  i n v e s t i g a t o r s  i s  

accord ing  t o  t h e  person  r e s p o n s i b l e  for a c q u i s i t i o n  of  t h e  I m -  

pedance Cardiograph. The l i s t i n g ,  undoubtedly,  does n o t  do 

j u s t i c e  t o  t h e  many c o l l e a g u e s  a s s o c i a t e d  w i t h  each p r o j e c t .  

D r .  Smith submi t ted  a d e t a i l e d  r e p o r t  a long  wi th  t h e i r  

d a t a .  T h i s  r e p o r t  i s  in t ended  as a f i r s t  d ra f t  o f  a manuscr ip t  

f o r  p u b l i c a t i o n .  D r .  G r e e n f i e l d  submi t ted  a r e p r i n t  of pub- 

l i s h e d  d a t a  a long  wi th  a d d i t i o n a l  data subsequent  t o  t h e  

p u b l i c a t i o n .  These two r e p o r t s  are inc luded  i n  t h e i r  e n t i r e t y .  
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These data are not included in the following group. 

The other investigators submitted an amazing amount of 

data in a very short time. 

tion of the details of each study is avilable. All data are 

tabulated as submitted from each laboratory. In addition, 

we have computed impedance to standard method ratios of cardiac 

output. When possible we also calculated the mean of these 

ratios for each individual or each patient. The mean ratio was 

then used to correct the impedance cardiac output values. Each 

set of data was then plotted in two ways; a) the absolute values 

as submitted from each laboratory and b) the individual correc- 

ted impedance values plotted against the values by the standard 

method. A total of 220 simultaneous comparison values were 

obtained from these laboratories. These points are presented in 

a combined graph in figure 11-1 and the combined graph with the 

individual corrected impedance values are presented in figure 

11-2. This procedure was used in order to provide a rapid 

picture of the comparison data. It has been suggested that the 

impedance method would improve in its usefulness if even one or 

two simultaneous determinations of cardiac output by the im- 

pedance method and by some standard method could be obtained to 

first, in effect, calibrate the individual. This should then 

improve the reliability of the impedance method for prolonged 

observation of cardiac output and relative changes in cardiac 

Consequently only a brief descrip- 

output in situations where catheters could not be maintained in 

place for long periods of time. 

An extensive statistical study of these data has not been 
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attempted since a symposium is planned where each investigator 

will be invited to present his own data in more detailed form. 

Most investigators have indicated that more data will be 

available at a later time. 

It has become apparent that certain valvular disorders 

may distort the AZ and consequently the (dZ/dt) waveform and 

thus make the calculation of stroke volume by the impedance 

method difficult. Consequently some of the data presented may 

have been altered by these difficulties. 

In other cases no obvious reason could be presented f o r  the 

differences between the impedance and standard method values of 

stroke volume or cardiac output. 

Dr. Smith -- et al. reported a high correlation between the 

absolute values of cardiac output by the impedance and dye 

dilution methods during passive tilt experiments. Their nor- 

malized data do not show as good a correlation as the absolute 

values. If the mean of the Z to Dye ratios had been used rather 

than the first values in each experiment the effect of random 

variations may have been reduced. 

As indicated by Dr. Greenfield and others, more research 

and experience is needed to improve the formula used to calculate 

stroke volume by the impedance method. 

An enormous need still exists for a simple atraumatic 

technique to determine several parameters of cardiac function. 

Further investigation of all possible applications of the im- 

pedance system to cardiovascular physiology is justified in view 

of the progress that has been made during a very brief field trial. 
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Standard Method 
Utilized Intervention 

Cardiogreen indicator Isuprel infusion 
dilution 

Pressure gradient technic Electrical pacing 
for instantaneous S . V .  Car- Isoproterenol infusion 
diogreen indicator dilution 

Isotope indicator dilution Supine bicycle exercise 

Direct Fick Cardiogreen Supine bicycle exercise 
indicator dilution Isuprel infusion 

Cardiogreen indicator Electrical pacing 
dilution 

Direct Fick Isuprel infusion 

Cardiogreen indicator Anesthetized patients- 
dilution effect of nitrous-oxide 

on halothane anesthesia 

Cardiogreen indicator Shock 
dilution Isuprel infusion 

Angiotension 

Cardiogreen indicator Isuprel 
dilution Inhalation-lOO% O 2  

Cardiogreen indicator 
dilution 

70° passive tilt 

Cardiogreen indicator Supine bicycle exercise 
dilution Isuprel infusion 

Material 

patients 

patients 

volunteers 

patients 

patients 

patients 

patients 

patients 

patients 

volunteers 

patients 
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- The Application - of Impedance Cardiography 

to the Study of Postural Stress i n  the Human -- - ---- 

John E. Bush, Ph.D,, V, Thomas Wiedmeier, Ph,D,, 

Felix E, Tristani, MOD, and James J. Smith, MOD,, Ph,D. 

From the Department of Physiology, Marquette School of Medicine, 
Department of Mechanical Engineering, Marquette University, 

and the Section on Clinical Hemodynamics, 
Wood Veterans Administration Hospital 

Milwaukee, Wisconsin 
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A TRIBUTE 

D r .  John E. Bush, age 33, Associate Professor of  Engineering and 

senior  author of  t h i s  paper died i n  a hunting accident on October 13, 1968. 

This project ,  on which he worked with infect ious enthusiasm, was car r ied  

out  with s p i r i t ,  thoroughness and imagination and with h i s  cha rac t e r i s t i c  

zeal f o r  ge t t ing  a t  the  root  of  t he  problem. 

From the give and take i n  the  research lab, from the  j o i n t  e f fo r t s  

t o  ge t  the da ta  and the  of ten noisy discussions of what t he  data  r e a l l y  

meant, he came through t o  us as a person unfai l ingly considerate of h i s  

fellow man, with l i t t l e  pretense and much compassion. 

Accordingly, we who knew him and worked with him are proud t o  

dedicate our continuing e f f o r t s  i n  t h i s  pro jec t  t o  John Bush-scientist, 

colleague, friend. 
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I t  is our i n t e n t  i n  the following t o  document our experience w i t h  

the Minnesota Impedance Cardiograph during a study of human responses 

t o  graded circulatory stress and spec i f ica l ly  t o  a standard head-up 

tilt test. 

The two main components of any circulatory response are cent ra l  o r  

cardiac, and peripheral. The scarc i ty  of pract icable  methods f o r  the 

measurement of s t roke  volume and cardiac output is well known; even 

scarcer are methods which are  applicable t o  in t ac t ,  unanesthetized human 

subjects during the application of stress. 

Although t ransthoracic  impedance has been previously suggested f o r  

the  biological measurement of  volume and flow, par t icu lar ly  i n  respira- 

t i on  {l,Z), only recently has a serious e f f o r t  been made by Kubicek, 

Kinnen and t h e i r  colleagues (3,4,5,6) t o  adapt electrical impedance t o  

cardiography. These studic$ have indicated tha t  upon the passage of  a 

constant sinusoidal current across the chest there  are impedance changes 

which are synchronous with the cardiac cycle and tha t  the first deriva- 

t i v e  of the main impedance wave seems t o  be a predictable function of 

a o r t i c  blood flow (3). 

with a standard dye-dilution method yielded good agreement i n  the case 

of the  dog (4) and sa t i s fac tory  correlat ion i n  the human (3). 

Comparison of impedancecalculated cardiac output 

However, recent evidence on the va l id i ty  of the  impedance method 

i n  cardiography has been somewhat conflicting, 

t es ted  t h e  Minnesota instrument i n  normal individuals and cardiac pa t ien ts  

Harley and Greenfield (7) 
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and found the  impedance-calculated output r e l a t ive ly  unsatisfactory, a t  

least i n  cer ta in  cardiac disorders; they added however t h a t  the method 

has poten t ia l  value and deserved fur ther  evaluation. 

presented a ra ther  gloomy p ic ture  of the usefulness of electrical imped- 

ance plethysmography, primarily on theoret ical  grounds (8) , 

H i l l  e t  aZ, 

On the  other hand, Coleman e t  aZ, (9) found impedance cardiography 

t o  be a useful too l  i n  t h e i r  study of cardiodynamic responses of the 

human t o  heat and reported good agreement i n  the dog between the  

impedance-predicted cardiac output and a o r t i c  flow as  determined with 

the electromagnetic flowmeter, Siege1 and Fabian (10) believe t h a t  the  

first der ivat ive of the impedance wave (dz/dt) provides valuable infor- 

mation on the development of ventricular pressure ( m a x i m u m  dp/dt) and 

suggested t h a t  t h i s  parameter may be a val id  estimate of myocardial 

cont rac t i le  force i n  the i n t a c t  animal or human; t h i s  poss ib i l i ty  was 

or ig ina l ly  suggested by Kubicek (4). Recent reports by Namon and 

Gollan (11,12) have fur ther  indicated tha t ,  i n  the dog, the trans- 

thoracic impedance w a s  an e f fec t ive  measure of s t roke volume and tha t  

i n  t h e i r  view the reactive impedance component i s  considerably more 

useful i n  t h i s  regard than the resis tance fract ion,  

The possible u t i l i t y  of a non-invasive and eas i ly  adaptable method 

of measuring cardiac output i n  the i n t a c t  human prompted us t o  conduct 

the  present investigations with two primary objectives i n  mind: 1) To 

determine the va l id i ty  of the transthoracic impedance method for  the  

measurement of cardiac output i n  t h e  i n t a c t  human and 2) t o  determine 

i ts  usefulness i n  studying the  response of the cardiovascular system t o  

a standardized postural  stress. 
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Methods and Procedure - 
The present study was car r ied  out i n  three phases: 

Series I: Detednut ion of the Validity of the Impedance 

Method for Card iac  Output=-Eight normal male subjects,  20-26 years of 

age, were used i n  these experiments. Simultaneous cardiac output 

determinations were made with dye-dilution and the impedance method 

i n  the supine position, a t  various stages of a 20=minute, 70' head-up 

tilt, and during the  subsequent supine recovery period, 

the subject  when t i l t e d  stood on a footboard, i.e,, the body weight was 

transmitted t o  the feet. 

In t h i s  series, 

These experiments were performed i n  the Catheterization Laboratory 

of the Research Service of the  Veterans Administration Hospital under 

the  d i rec t ion  of Dr. Tristani. After i n f i l t r a t i o n  of local  anesthetic,  

a disposable polyethylene needle w a s  inser ted i n t o  the r i g h t  brachial  

a r te ry  and a venous catheter  i n t o  a r i g h t  antecubital  vein, 

d i lu t ion  curves were obtained following bolus in jec t ion  of 5 mg of 

Indocyanine green i n t o  the antecubi ta l  vein while continuously with- 

drawing blood from the  arterial needle through a Gilford pump and a 

Gilford densitometer, 

Medicine DC amplifier and recorder. 

using the standard Stewart-Hamilton method. 

wave and the  first derivat ive of the impedance wave were simultaneously 

recorded on the same ins t rmen t ,  

Indicator- 

The curves were inscribed on an Electronics-for- 

Cardiac output was calculated 

The transthoracic impedance 

Series 11: A Study of Cardiorespimtory Responses to PostwaZ 

Stress w i t h  Hip Swpension=-In these experiments, normal males, 20-26 

years of age, were subjected t o  a 20-minute ve r t i ca l  tilt involving 
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pelvic suspension on a bicycle seat; the legs of the  subject were 

unsupported. The seat was fixed t o  the tilt t ab le  so t he  subject  could 

be passively sh i f t ed  from the supine to the  suspended position. Twelve 

experiments were done on eight  subjects; i n  four cases, the  tes t  w a s  

repeated i n  the same subject  a t  an in te rva l  of about one week i n  order 

t o  study the  repea tab i l i ty  of the responses. 

ECG and tachograph (Model 5P4, Grass Instrument Co., Quincy, Mass.) 

recordings wexe made i n  addition t o  impedance. 

blood pressures were automatically recorded through a microphone pickup 

of the  Korotkoff sounds as previously described (13) . 
C02 tension was monitored with a Beckman gas analyzer (Spinco Model LB-I),  

vent i la tory volume with a wide bore, low resistance,  d i f f e ren t i a l  

pressure gas flowmeter and respiratory rate by fluctuations of t h i s  flow- 

meter record. 

two Grass Polygraphs (Model 5, Grass Instrument Co., Quincy, Mass.). 

In t h i s  series, precordial  

Systol ic  and d i a s to l i c  

Pulmonary alveolar 

A l l  of  these variables were recorded simultaneously on 

Series 111: A Study of Impedance Cmd<ographic Responses t o  

PostmuZ Stress i n  the PassiveZy T<Zted, Standing Subject-In t h i s  series, 

normal males, 20-26 years of age, were placed i n  a 70° head-up posi t ion 

with body weight transmitted to  the  feet. 

was similar t o  that i n  Series I except t ha t  no arterial o r  venous 

punctures were made. 

The procedure for  t h i s  series 

In a l l  experiments, the general procedure was similar t o  tha t  

previously described (13), i.e., the room was darkened and kept quiet ,  

t he  subject was instructed t o  keep h i s  eyes closed and relax and the 

room temperature was held a t  75 2 3*F, The s ignal  from the  cardiograph 
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was recorded a t  several minute in te rva ls  throughout the test; during 

recording of the  impedance s ignal ,  t he  subject  was instructed t o  ltexhale 

i n  the ordinary way and hold the breath without bearing down". This was 

done to  minimize t h e  effect of resp i ra t ion  on the  impedance s ignal  as 

recommended by Kubicek (4) and t o  reduce the tendency of the  subject t o  

a Valsalva maneuver, 

Impedance Recordings 

The Minnesota Impedance Cardiograph, Model 202, used i n  t h i s  study 

is  a four-electrode, impedance plethysmographic system developed t o  

monitor l e f t  ventr icular  output (4). 

placed around the subject ' s  neck and separated by 2 cm; a th i rd  w a s  placed 

around the thorax 1 cm below the xiphis ternal  j o in t ,  and the fourth 

around the lower abdomen. 

Figure 1, 

100 KHZ constant sinusoidal current and the resul t ing voltage (proportional 

t o  the magnitude o f  impedance changes) was monitored from the inner two 

electrodes, Previous work has indicated tha t  the first der ivat ive of 

the  impedance s ignal  is  functionally re la ted  t o  the s t roke volume of the  

heart. 

f o r  r e l a t ive  changes than for  absolute determinations (4); hence, i n  most 

of our s tudies  r e l a t ive  (normalized) impedance values a r e  presented as 

well as the  absolute values. 

Two band electrodes (3M tape) were 

The electrode placements a re  i l l u s t r a t e d  i n  

The upper neck and abdominal electrodes were excited by a 

Kubicek states tha t  the  relat ionship appears t o  be more consistent 

The form of the impedance s igna l  as recorded from the  cardiograph 

is  shown i n  Figure 2. The r igh t  ha l f  o f  t he  recording contains the  

ca l ibra t ion  s ignals  and the lef t  ha l f  contains the  actual impedance 

s ignal ,  The upper channel shows the change i n  thoracic impedance (AZ) 
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while the middle channel indicates the time derivative of t h e  impedance 

wave, i.e., dz/dt, On the lower channel is the ECG from modified bipolar 

chest leads, The method recommended f o r  calculating stroke volume i n  

milliliters involves the following equation (4): 

where p = blood r e s i s t i v i t y  (= 1SOQ-cm) 

L = mean distance between inner electrodes (cm) 

Zo = basic  impedance between the two inner electrodes 

T = ventricular e ject ion time as described i n  Figure 2 

= magnitude of peak value of impedance signal (see Fig. 2) 

The above equation is based on a model which assumes tha t  the change i n  

the impedance signal is  due t o  a change i n  volume of a cylinder of blood 

of length, L (pure resistance),  which conducts current i n  para l le l  with 

the other thoracic elements. 

volume, Eq, 1 i s  normalized with respect t o  a reference value, [AV], 

so tha t  

For calculating r e l a t ive  changes i n  stroke 

AV NSV = - 
l Avl 

Similarly, the normalized cardiac output (NCO) is  calculated as: 

where HR is the hear t  rate. 

The values for T, and HR used i n  the above equations were taken 

from the impedance signals and averaged for  f ive hear t  beats whenever 

possible, 

a paper speed of 50 mm/sec. 

are averages of the l a s t  readings pr ior  t o  t i l t i n g ,  

The impedance signals were recorded a t  2-3 minute intervals  a t  

In most cases, the reference values, [ I,, 
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Series I: Validity of the Impedance Method 

Values obtained during simultaneous determinations of s t roke 

volume (SV) and cardiac output (60) are plot ted i n  Figures 3 and 4 and 

the respective normalized values, i,e,, r a t io s ,  i n  Figures 5 and 6. 

the lat ter instances, the first res t ing  supine value fo r  each individual 

was used as a reference for the  determination of the proportional 

s t roke  volume (or cardiac output) f o r  the  remaining determinations 

with t h a t  method i n  t h a t  subject, 

the absolute values fo r  SV and CO but lesser correlat ion between the  

r e l a t i v e  ones, 

fo r  one method t o  read higher or lower than the other, r a t i o s  of 

impedance (Z) CO/dye-dilution CO were calculated fo r  each set  of deter- 

minations and the r e su l t s  are shown i n  Table 1, Certain subjects had 

r e l a t ive ly  higher impedance values and others lower ones but the mean 

r a t i o  of 1.09 indicated a small tendency toward overestimation of the 

CO with the impedance method, 

seem t o  appreciably a f f ec t  the r a t io ,  

In  

There was good correlat ion between 

In order t o  determine i f  there  w a s  a systematic tendency 

The supine or ver t i ca l  posi t ion did not 

SerYies 11: Study of Cardiov~scuZar Responses to Vertical H i p  Smpension 

In  Figure 7 are shown mean values f o r  hear t  rate, normalized s t roke 

volume and cardiac output, sys to l i c  and d i a s t o l i c  blood pressure and 

t o t a l  peripheral  res is tance (TPR) before, during and after the  20-minute 

suspended tilt. 

i n  hear t  rate, a fa l l  i n  s t roke volume and cardiac output, and a rise i n  

d i a s to l i c  pressure with a s l i g h t  decline i n  pulse pressure, 

are similar t o  those previously reported i n  passive head-up tilt (13). 

The da ta  show that  incident t o  tilt there  is a r i se  

These r e su l t s  
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The TPR was calculated as the  quotient of the mean arterial blood 

pressure (DP + 1/3PP) and the  cardiac output, 

value f o r  each individual serve as h i s  own control,  the  relative t o t a l  

peripheral  res i s tance  r a t i o s  were calculated during the d i f fe ren t  par t s  

of the experiment f o r  each of the  subjects. 

a r ise i n  TPR during tilt which i s  the  expected response. 

small r ise i n  mean arterial  blood pressure during the tilt, and the  

almost universal fall  i n  cardiac output r e s u l t  i n  a s igni f icant  rise 

i n  the calculated resis tance quotient, 

By having the  p r e t i l t  

The mean values indicate  

The usual 

There w a s  a great  deal of individual var ia t ion i n  the  pat tern of 

t h e  circulatory response t o  the  tilt, 

records of subjects  M.Bo. (Fig. 8) and J . K i .  (Fig. 9) were qui te  similar 

For example, the blood pressure 

but the cent ra l  and peripheral  mechanisms t o  maintain the  pressures 

were evidently very d i f fe ren t  i n  the two cases. Subject M,Bo. (Fig. 8) 

had very l i t t l e  decrease i n  cardiac output and only a modest rise i n  

hear t  rate so t h a t  there  w a s  r e l a t ive ly  l i t t l e  change i n  t o t a l  peripheral  

resistance. Subject J . K i .  (Fig. 9) had not only a more marked response 

i n  hear t  rate but a l so  a sharp pers i s ten t  f a l l  i n  cardiac output. A 

marked vasoconstriction t o  a s izable  t i s sue  mass w a s  obviously required 

i n  t h i s  case t o  maintain the blood pressure. 

impedance cardiographic da ta  is most advantageous fo r  analysis of such 

mechanisms . 
The ava i l ab i l i t y  of 

The impedance cardiographic data  which was avai lable  a l so  permitted 

the calculation of additional auxi l iary da ta  useful i n  analyzing 

circulatory function, 

amplitude of  the der ivat ive of the impedance wave (dz/dt) ( in  absolute 

In  Figure 10 are  shown mean values fo r  the 
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and r e l a t i v e  units)  and the eject ion time index (ETI) which was calculated 

according t o  the method of Weissler e t  aZ, (14) using the formula: 

ET1 = T + 0,0016 HR, 

pulse was recorded during t h i s  study, the  e jec t ion  time (T) from the  

impedance s ignal  was used, 

Since ne i ther  the  phonocardiogram nor the carot id  

The height of the  impedance der ivat ive may provide information 

comparable t o  dp/dt i n  the aorta  and as such, furnish an approximate 

measure of cardiac con t r ac t i l e  power (4); the prevail ing tendency during 

tilt was toward a decline i n  dz/dt. The mean values f o r  ET1 decreased 

during passive tilt (Fig, 10) but the absolute values-both during the 

control and tilt periods-were less than those previously reported (14). 

I t  is not cer ta in  a t  t h i s  time whether t h i s  d i spar i ty  is associated 
t" e 

with the use of the  impedance,tfi i n  our study o r  t o  other factors. 

Variations i n  the  R-AZ i n t e rva l  (period from the  R wave of the ECG 

t o  the eject ion of blood i n t o  the aorta)includes the time of ventr icular  

electromechanical delay but  i n  the main represents a l te ra t ions  i n  the 

time of  isometric contraction period (4). 

minations during suspended tilt are a l so  shown i n  Figure 10 and indicate  

a d i s t i n c t  prolongation during postural  stress, 

Mean values fo r  these deter- 

series III: Stw& of Impedance Cardiographic Responses t o  Head-up SZt 

w i t h  Feet Supported 

In the  f i n a l  series, eleven normal males were subjected t o  20 minutes 

of 70° head-up tilt which involved quie t  standing with feet res t ing  on a 

footboard so that  the body weight w a s  d i r ec t ly  transmitted t o  the  lower 

extremities, The mean values for  hear t  rate, s t roke volume and cardiac 
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output (absolute and normalized) are plot ted i n  Figure 11, 

son of t he  cardiovascular responses t o  footboard tilt (Fig. 11) and t o  

hip suspension tilt (Fig. 9) indicate  t h a t  the  responses were very 

similar; comparison of records i n  individuals who underwent both types 

of stress indicated a tendency f o r  more marked response i n  the case of 

the  footboard tilt as evidenced by a greater increase i n  hear t  rate and 

a more marked fa l l  i n  cardiac output, This finding was ra ther  unexpected 

since the suspension of the body without support t o  the lower extremities 

is almost universally considered t o  be a more severe stress, 

question however requires fur ther  invest igat ion with additional subjects,  

The compari- 

This 

Discussion 

The ra ther  high correlat ion of absolute values fo r  s t roke volume (SV) 

and cardiac output (CO) derived from the two methods was somewhat 

surpr is ing s ince previous reports  had emphasized tha t  impedance is 

useful primarily f o r  determining r e l a t i v e  changes i n  cardiac output (4J7). 

Kubicek, i n  h i s  dog experiments, found good agreement between cardiac 

output (2 values) and a o r t i 9  flows as determined with the electromagnetic 

flowmeter, However, the regression slopes were d i f fe ren t  fo r  d i f fe ren t  

animals which would ind ica te  t h a t  absolute values fo r  impedance changes 

are not l i ke ly  t o  be comparable from one individual t o  the other (4). 

Nevertheless, the correlat ion coeff ic ients  obtained i n  our study 

were high, suggesting t h a t  fur ther  exploration of impedance as a measure 

of cardiac output would cer ta in ly  be warranted, 

taken i n t o  consideration i n  evaluating our r e su l t s ,  

Two factors  might be 

F i rs t ly ,  our study 
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w a s  done i n  res t ing  and postural ly  s t ressed subjects i n  which the cardiac 

outputs were almost invariably normal o r  subnormal and only ra re ly  

increased. It is possible that the impedance method is more r e l i a b l e  

when used within the normal and low range of cardiac output r a the r  than 

a t  the higher lvels, Visual inspection of our scattergrams (Figs, 3.4, 

5 and 6 )  suggests t h a t  the correlat ion of  absolute values w a s  about 

the same a t  low outputs as a t  high outputs, However, the correlat ion of 

normalized s t roke volumes seemed t o  be less i n  the lower output range 

Uthough our "n" w a s  r e l a t ive ly  small for such an analysis. Previous 

e f f o r t s  a t  val idat ion have indicated a greater  dispersion of values when 

cardiac output was increased with exercise o r  isoproterenol in jec t ion  (3,7); 

a second possible factor  i n  our study was the apparent improvement i n  the 

instrument since the report  of Harley and Greenfield (7). 

t o  the  d i r e c t  readout of the  der ivat ive (dz/dt), we have been favorably 

impressed with the  appl icabi l i ty  of the instrument f o r  laboratory use. 

The output s ignals  are i n  the neighborhood of 0.5 vol ts  and can be 

eas i ly  recorded. 

l i t t l e  discomfort t o  the subject i f  it is not applied too t ight ly .  Contact 

res is tances  were not checked but  no problems were encountered with the 

electrode tape. The electrode locations did not i n t e r f e re  with other 

instruments typical ly  used, Electrocardiogram electrodes can be applied 

between the impedance electrodes without affect ing e i the r  s igna l  as long 

as the  ground f o r  the ECG is below the fourth impedance electrode. 

In  addition 

The 3M electrode tape is easy t o  apply and produces 

The study of the circulatory responses of normal male subjects t o  

postural  stress i n  the form of a 20-minute hip suspension indicated 

considerable individual variation-which has been the experience of most 
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invest igators  i n  t h i s  area, Additional cardiac data-such as may be 

obtained with the  impedance cardiograph--could be very helpful  i n  

exploring the factors  underlying these differences as it was i n  t h i s  

study. 

Impedance cardiographic information a l so  yields  the poss ib i l i t y  

of additional derived data fo r  the assessment of physiological perform- 

ance as exemplified i n  Figure 10. Obviously the va l id i ty  of such derived 

data  w i l l  depend upon fur ther  substant ia t ion of the impedance data i tself ;  

nonetheless, the  assessment of charac te r i s t ics  such as ventr icular  

con t r ac t i l i t y  represents a very in te res t ing  potential .  

Because of  i ts  r e l a t i v e  prac t icabi l i ty ,  the instrument may be used 

t o  study repea tab i l i ty  of response i n  the same subject. 

the  records of r epe t i t i ve  t i l t - saddle  experiments, there appeared t o  be 

repeatable pat terns  of response in st roke volume, cardiac output, hear t  

rate, blood pressure and TPR charac te r i s t ic  of the individual. 

very important problem needs t o  be studied with considerable care and 

with greater  precision. The main point however i s  t h a t  the cardiograph 

provides a means of obtaining more de ta i led  useful cardiovascular data 

on individual response t o  repeated stress-which represents a very 

important need i n  human stress physiology. 

When we compared 

This 

The atraumatic nature of the procedure is a s igni f icant  advantage. 

Although the  ava i l ab i l i t y  of well-trained subgects and s k i l l f u l  

techniques w i l l  permit laboratory Use of indwelling catheters,  a non- 

invasive and convenient method such as impedance cardiography represents 

a very real poten t ia l  advance i n  experimental and c l i n i c a l  physiology. 
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I t  is well known t h a t  intravascular manipulation of ten causes a s ign i f icant  

hypotensive stress (15,16,17) , I t  is  evident however t h a t  before impedance 

cardiography can achieve f u l l  usefulness i n  human research, a good deal 

of additional work w i l l  be required, not only t o  determine the  va l id i ty  

of absolute and r e l a t i v e  impedance measurements but t o  discover the 

l imitat ions and reservations within which the method can y ie ld  useful 

information both in. the normal subject and the cardiac pat ient ,  

From a technical standpoint, it would seem prof i tab le  t o  explore 

fur ther  the  poss ib i l i t y  suggested by Namon and Gellan (11,12) tha t  

react ive impedance may have greater  u t i l i t y  fo r  blood flow measurements 

than r e s i s t i ve  impedance, Another aspect for  fur ther  research is the 

apparent necessity fo r  respiratory apnea during the recording. 

a d i s t i n c t  disadvantage, 

This is 

Finally, it might be well t o  explore fur ther  the  r o l e  of hear t  

r a t e  and i ts  prac t ica l  ro l e  i n  the use of the cardiograph, Tachograph 

recordings i n  human experiments i l l u s t r a t e  the rapid fluctuations i n  

ra te ,  especially during stress. While s t roke output can be a useful 

physiological parameter, perhaps automatic averaging over a longer 

period than 5 t o  10 beats would be advantageous. 

a r i s e s  as t o  whether longer periods of determination might increase the 

usefulness of the instrument during respiration. 

The question a l so  
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Summary 

The Minnesota Impedance Cardiograph, Model 202 w a s  used t o  investigate 

1) the va l id i ty  of impedance plethysmography as a measure of cardiac 

output and 2) its prac t icabi l i ty  and value f o r  the study of circulatory 

stress i n  the in t ac t  human, 

determinations of cardiac output with the impedance method and with 

ordinary dye-dilution techniques was made i n  eight normal male subjects, 

The correlat ion coeffients (r) fo r  the absolute values were +O .91 fo r  

cardiac output and +0.82 fo r  stroke volume, 

each method serving as its own control-the correlation coeffieiients were 

+0.57 for normalized cardiac output and +0.63 for  normalized stroke 

volume, Twenty-minute h ip  suspension of normal subjects caused an 

increase i n  mean values for  hear t  r a t e ,  decrease i n  cardiac output, s l i g h t  

elevation of d i a s to l i c  blood pressure and d i s t inc t  elevation of the 

t o t a l  peripheral resistance. These changes were a l l  qu i te  comparable 

t o  those previously observed by other investigators,  

central  cardiovascular events gives useful insight  i n to  the mechanism 

of circulatory response i n  the in t ac t  human under stress. 

recording a l so  provides the opportunity t o  derive auxi l iary data such 

as the amplitude of the impedance time derivative,  the le f t  ventricular 

e ject ion time index and the R-AZ interval--all  of which may be useful 

i n  determining cardiac dynamics. 

A comparison of thir ty-f ive simultaneous 

For re la t ive  changes-with 

The recording of 

Impedance 

I t  is our opinion tha t  the potent ia l  value of the impedance 

cardiograph fo r  research and c l in i ca l  use is considerable, I t  would 

seem as i f  such a potent ia l  would warrant fur ther  intensive e f for t s ,  

not only t o  determine the basic  va l id i ty  of the procedure, but t o  fur ther  

improve its appl icabi l i ty  and u t i l i t y ,  
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TABLE 1 
Z-CALCULATED CARDIAC OUTPUT 

RAT'oS OF DYE-CALCULATED CARDIAC OUTPUT 

(N = 35) 
Supine 

(post- 
Supine (pretilt) T i  It tilt 1 

Mean Subject No. +5 min +10 min T 4- 5 min T 4- 15 rnin +5 min 

1 1.12 1.43 1.19 0.86$ 1.33 1.27 

2 0.96 0.99 0.88 1.14$ 0.84 0.81 

3 0.93 0.74 1.03 1.16 * 0.99 

4 1.08 1.11 0.96f 1.01 1,. 06 

5 0.83 1.08 1.04 0.99 0.98 

6 0.80 0.99 1.282 0.72 0.84 

7 1.42 1.26 1.13 1.757 1.51 1.32 

8 1.17 1.38 1.20 1.17 1.16 1.33 

Mean Ratio 1.04 1.23 1.03 /I 17 1.09 1.09 
f 0.19 
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TABLE 2 

VALUES FOR Z-CALCULATED AND DYE-CALCULATED STROKE VOLUMES 

Z Method 

Subjec t  

1. DoJoe 

2. T.Ba. 

3. W-Ma. 

4. F.Mi. 

50 SeMo. 

6. W.Wa. 

7. Asp.  

8. JeHo. 

T i m e  

CH + 5' 
CH + 10' 
T + 5' 
RH + 1' 

CH + 5' 
CH + 10' 
T + 11' 
T + 17' 
RH + 5' 

CH + 5' 
T + 5' 
T + 15' 
RH + 15' 

CH + 5' 
T + 5' 
T + 10' 
RH + 5' 

CH + 5' 
CH + 15' 
T + 5' 
T + 15' 
RH + 5' 

CH + 5' 
T + 5' 
RH + 5' 

CH + 5' 
CH + 10' 
T + 5' 
T + 15' 
RH + 5' 

CH + 5' 
CH + 10' 
T + 5' 
T + 10' 
RH + 5' 

- 
sv 

(ml) HR 

91.0 67 
108.0 68 
51.8 83 

110.0 56 

70.4 63 
68.5 62 
45.4 72 
44.8 71 
71.4 54 

111.6 63 
70.3 65 
70.7 76 

117.5 66 

166.4 62 
109.5 69 
100,8 72 
164.3 64 

111.5 67 
141.0 61 
63.8 82 
60.7 85 

130.2 59 

109.9 78 
78.6 95 
70.2 97 

81.2 78 
92.9 70 
56.5 87 
48.9 93  
94.5 69 

90.6 63 
86.9 70 
43.2 93  
61.9 88 
90.4 62 

- -  co 
(L/min) 

6.10 
7.34 
4.30 
6.16 

4.44 
4.25 
3.27 
3.18 
3.86 

7.03 
4.57 
5.37 
7.76 

10.32 
7.56 
7.26 

10.52 

7.47 
8.60 
5.23 
5.16 
7.68 

8.57 
7.46 
6.81 

6.34 
6.51 
4.92 
4.55 
6.52 

5.71 
6.09 
4.02 
5.45 
5.60 

Dye Method Normalized Data 

sv 
(ml) HR 

79.2 69 
74.8 68 
40.7 88 
81.5 56 

74.6 62 
76.3 56 
52.7 70 
53.6 69 
84.0 55 

111.4 68 
86.1 72 
65.1 72 

101.0 66 

158.7 60 
103.0 66 
97.5 72 

152.6 68 

124.6 72 
113.4 70 

60.3 84 
63.9 84 

110.6 70 

127.5 84 
83.3 90 

105.4 90 

67.9 66 
74.0 70 
48.4 90 
39.4 90 
65.6 66 

68.0 72 
64.6 68 
37.4 90 
34.5 90 
64.3 75 

- -  
co 

(L/min) 

5.46 
5.09 
3.58 
4.56 

4.62 
4.27 
3.69 
3.70 
4.62 

7.58 
6.20 
4.69 
6.67 

9.52 
6.80 
7.02 

10.38 

8.97 
7.94 
5.06 
5.37 
7.74 

10.71 
7.50 
9.49 

4.48 
5.18 
4.36 
3.55 
4.33 

4.90 
4.39 
3.36 
3.11 
4.83 

NSV- 
Z - 

1.19 
0.57 
1.21 

0.97 
0.64 
0.64 
1.01 

0.63 
0.63 
1,05 

0.66 
0.60 
0 -99 

1.26 
0.57 
0.54 
1.17 

0.72 
0.64 

1.14 
0.70 
0.60 
1.16 

0.96 
0.48 
0,68 
1.00 

NSV NCO NCO 
DyeWDye 

0.94 1.20 0.93 
0.51 0.70 0.66 
1.03 1.00 0.84 

1.02 0.96 0.92 
0.71 0.74 0.80 
0.72 0.72 0.80 
1,13 0.87 1.00 

0.77 0.65 0.82 
0.58 0.76 0.62 
0.91 1.10 0.88 

0.65 0.73 0.71 
0.61 0.70 0.74 
0.96 1.02 1.09 

0.91 1.15 0.88 
0.48 0.70 0.56 
0.51 0.69 0.59 
0.89 1.03 0.86 

0.65 0.87 0.70 
0.83 0.79 0.89 

1.09 1.03 1.16 
0.71 0.78 0.97 
0.58 0.72 0.79 
0.97 1.03 0.97 

0,95 1.07 0.89 
0.55 0.70 0.69 
0,51 0.95 0.63 
0.94 0.98 0.98 
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Footnotes  f o r  Tab le  2 

CH + 5'  = c o n t r o l  h o r i z o n t a l  + 5 min (de t e rmina t ion  made 5 min 
after s u b j e c t  assumed c o n t r o l  sup ine  p o s i t i o n )  

T + 5 '  = tilt + 5 min ( d e t e r m i n a t i o n  made 5 min after s u b j e c t  
w a s  p a s s i v e l y  t i l t e d  t o  70° u p r i g h t  p o s i t i o n ;  
o r d i n a r i l y  s u b j e c t  w a s  t i l t e d  a f te r  1 5  min i n  t h e  
c o n t r o l  h o r i z o n t a l  p o s i t i o n )  

RH + 5 '  = r ecove ry  h o r i z o n t a l  + 5 min 

SV = s t r o k e  volume ( m l )  

HR = h e a r t  rate (for dye method, average  rate d u r i n g  cu rve ;  
f o r  Z method, average  ra te  of f i v e  beats) 

CO = c a r d i a c  o u t p u t  (L/Min) 

Basic d a t a  for c a r d i a c  o u t p u t  de t e rmina t ions  were t aken  
s imul taneous ly  for dye d i l u t i o n  by D r .  T r i s t a n i  and h i s  a s s i s t a n t s  
and f o r  impedance method by D r .  Wiedmeier and h i s  t e a m ;  re- 
s p e c t i v e  c a l c u l a t i o n s  were made and submi t ted  independent ly  by 
t h e  two groups.  These d a t a  are shown i n  F igu res  3 and 4 .  

Normalized v a l u e s  i n d i c a t e  t h a t  t h e  f i r s t  r e s t i n g  sup ine  
v a l u e  f o r  each s u b j e c t  w a s  used as a r e f e r e n c e  for t h e  d e t e r -  
mina t ion  of t h e  r a t i o  of  s t r o k e  volume or c a r d i a c  o u t p u t  f o r  
t h e  remaining de te rmina t ions  wi th  t h a t  method i n  t h a t  s u b j e c t .  
Data graphed i n  F igu res  5 and 6 .  
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Fig,  3 .  Stroke Volume in Head-tip Tilt--Dye-dilution vs Impedailce Values 

(35 determinations in  8 normal males) 
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Fig. 4 Cardiac Output in  Head-up Tilt--Dye-dilution vs Impedance Values 
(35 determinations in  8 normal males) 
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Fig. 5. Stroke Volume i n  Head-up Tilt--Ratios of Change with Dye-dilution 

and Impedance Methods Based on Respective Individual Control Values 
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Fig.  6. Cardiac Output in Head-up Ti l t--Ratios of Change wi th  Dyc-diIiition 
and Impedance Methods Based on Respective Individual Control Values 
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Determination of Cardiac Output in Man by 
Means of Impedance Plethysmography 

A. HARLEY, M.B., M.R.C.P., and JOSEPH C. GREENFIELD, JR., M.D. 

An electrical impedance plethysmographic method employing 
cervical and lower thoracic electrodes and an indicator dilution 
technique were used to record cardiac output simultaneously m 
13 normal subjects during a control period a d  following an 
infusion of isoproterenol. A correlation coefficient of r = 0.68 
was found for these 26 paired values. In addition cardiac output 
was measured simultaneously in 24 patients with various types of 
heart disease by an indicator dilution technique and by imped- 
ance plethysmography. The correlation coefficient between these 
determinations was r = 0.26. In six patients with atrial fibril- 
lation impedance stroke volume was found to be directly pm- 
portional to the preceding cycle length. Satisfactory correlation 
was found between stroke volumes estimated by impedance 
plethysmography and by direct measurement using the pressure 
gradient technique in two patients with mitral stenosis and atrial 
fibrillation. Although the later results are soraewhat encourag- 
ing, from these preliminary findings it is felt that the current 
impedance plethysmographic methods as employed in this study 
are not r ehed  to the point that clinical application is war- 
ranted. However, since this method has potential value as an 
atraumatic method for determining cardiac output and stroke 
volume, it deserves further evaluation. 

~~ 

T HAS LONG BEEN KNOWN that the electrical 
Iimpedance of the thorax of both man and animals 
varies regularly during the cardiac and respiratory 
cycles. As the movement of blood into, out of, and 
within the thorax is the most obvious result of cardiac 
contraction, attempts have been made to relate these 
observed changes in impedance with stroke output. 
Kubicek and co-workers postulated that the maximum 
rate of decrease in electrical impedance which OCCUTS 
during the initial part of cardiac systole is related to 
ventricular stroke v0lume.~*5 Comparison of impedance 

From the Department of Medicine, Division of Cardiology, 
Durham Veterans Administration Hospital and Duke University 
Medical Center, Durham, North Carolina. 

Dr. Greenfield is the recipient of a Career Development Award 
(1-K3-HE-28, 112) from the U.S.P.H.S. 

plethysmographic estimates of ventricular stroke vol- 
ume with values obtained from the more conventional 
Fick and indicator dilution methods by these investi- 
gators have indicated at  least a reasonable relationship 
between cardiac output and electrical impedance 
changes? This report is a further evaluation of im- 
pedance plethysmography as an atraumatic method of 
estimating cardiac output in man, both by direct com- 
parison with an indicator dilution technique and by 
following the variation in stroke volume in patients 
having atrial fibrillation. 

METHODS 
Simultaneous indicator dilution curves and imped- 

ance records were obtained in 13 healthy male subjects 
before and after an intravenous infusion of isopro- 
terenol. Cardiac output was also measured simultan- 
eously by indicator dilution and impedance plethys- 
mography in 24 hospitalized patients with heart dis- 
ease who were undergoing diagnostic studies or treat- 
ment at the Durham Veterans Administration Hospital. 
The clinical diagnosis of these patients are shown in 
Table I. Six of the patients had atrial fibrillation and 
in two of these stroke volume was compared to simul- 
taneous direct measurement of stroke volume by the 
pressure gradient technique.'* 

A Model 2110 Medtronic impedance bridge** was 
used with a four-electrode system to obtain the im- 

'The pressure gradient technique is so far the only reported 
method for obtaining instantaneous aortic blood flow in man un- 
der physiological conditions. Briefly, it involves the extremely 
accurate measurement of the instantaneous lateral pressures at 
two points in the ascending aorta with a double lumen catheter. 
The difference between these pressures is an approximate meas- 
ure of instantaneous pressure gradient from which the blood flow 
may be computed by simple analog computer methods. 

*' Medtronics, Inc., 3055 Old Highway 8, Minneapolis, Minn. 
55418. 

Reprinted from Aerospace Medicine, Vol. 39, No. 3, March, 1968 
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pedance measurements. The electrodes were of the 
type described by Kubicek and co-~orkers.~ A cervical 
collar contained the upper pair of electrodes. The third 
electrode was placed around the thorax two finger 
breadths below the tip of the xipho-sternum and the 
fourth electrode 5 cm caudally. The electrodes were 
applied some ten or more minutes before use. Care 
was taken to insure that contact to the chest and neck 
was even but not tight. The distance, L, between the 
two inner electrodes was measured as accurately as 
possible in centimeters in the mid-coronal plane. The 
impedance between the inner two electrodes was meas- 
ured while a 100 kc. excitation frequency was applied 
to the outer pair of electrodes. All measurements were 
made during relaxed mid-expiratory apnea. In many 
over cooperative subjects some practice was required 
before relaxation could be consistently achieved rather 
than the subject performing a Valsalva or a Muller 
maneuver. Heart sounds were recorded with a Shure 
Model SPdS crystal microphone" applied either to 
the second or third left interspace at the left sternal 
edge, wherever best definition of the second heart 
sound was obtained. The impedance change signal 
from the inner two electrodes was displayed on an 
oscilloscope and recorded by a Honeywell Visicorder 
together with the electrocardiogram and the phono- 
cardiogram. In some patients the carotid pressure pulse 
was also measured with an externally applied trans- 
ducer. 

The value of the maximum impedance change for 
each beat was determined graphically as shown in 
Figure 1. The stroke volume was calculated from this 
value by the formula given by Kubicek and eo-workers. 

L2 

Z02 
A V = p -  AZ 

Where AV represents the stroke volume in cm3, L the 
distance between the inner pair of electrodes in cm, Zo 
the value of the baseline impedance between the elec- 
trodes in ohms, and AZ the measured maximum imped- 
ance change. p is a constant (150 ohm cm) represent- 
ing the electrical resistivity of blood at 100 kc. ID 
calculating the impedance cardiac output determintr 
tions the average stroke volume was taken as the mean 
value from 10 consecutive heart beats. 

Indicator dilution curves were obtained following 
injection of indocyanine green with a Colson Gilford 
Densitometer. In the patients undergoing diagnostic 
cardiac catheterization the dye was injected into either 
the right ventricle or the main pulmonary artery and 
sampled from a brachial artery. In the other subjects 
the dye was injected into a median cubital vein and 
arterial blood was sampled from a brachial artery. 
When simultaneous indicator dilution curves were 
made, the impedance changes were recorded after the 
injection of dye but immediately prior to and during 
inscription of the dye curve. Both were therefore re- 
corded in the same phase of held respiration. 

RESULTS 

The impedance wave form in normal subjects and in 
most patients resembled that shown in Figure 1. How- 
ever, in some patients with valve disease there were 
considerable variations especially in the size of the 

TABLE I. COMPARISON OF INDICATOR DILUTION AND 
IMPEDANCE DETERMINATIONS OF CARDIAC OUTPUT IN 24 

PATIENTS WITH ACQUIRED HEART DISEASE 

Indicator Dilution Impedance 
Patient Age Cardiac Output Cardiac Output 

No. Yrs. Diagnosis L/rnin L/min 

1 53 Mitral Stenosis 2.16 3.52 
2 45 Mitral Stenosis 2 65 4.12 
3 63 Mitral Stenosis 2.61 4.41 

5 46 Mitral Insufficiency and Stenosis 3 37 4.29 
6 40 Mitral Insufficiency and Stenosis 4.47 4.31 
7 52 Mitral Insufficiency 2.91 8.30 
8 38 Mitral Insufficiency 5 97 8.38 
9 72 Mitral Insufficiency 3.57 3.29 

10 42 Aortic Stenosis 4.89 5.w 
11 45 Anrtic Stenosis 5 32 5.18 
12 38 Aortic Insufficiency and Stenosis 6.30 12.00 
13 35 Aortic Insufficiency 4.92 11.35 
14 31 Hypertensive Heart Disease 4.26 3.60 
15 43 Hypertensive Heart Disease 4.68 3.28 
16 33 Hypertensive Heart Disease 4.99 3.72 
17 46 Hypertensive Heart Disease 6.06 3 37 
18 44 Hypertensive Hcart Disease 5.82 7.56 

4 36 Mitral Stenosis and Insufficiency 4.95 7.94 

19 54 Chronic Lung Disease 8.28 3.05 
20 45 Chronic Lung Disease 4.30 6.07 
21 57 Chronic Lung Disease 4.82 2.85 

23 32 Idiopathic Myocardial Hypertrophy 3.19 3.71 
24 54 Irchaemic Heart Disease 6.06 7.60 

22 40 Idinpathic Atrial Fibrillation 2.89 3.98 

"Shure Brothers, Inc., Evanston, Illinois. 

Carotid Pulse - 
Phono. .1 

Imp. 

Ohms 
L \  

Fig. 1. From the top downwards, the carotid arterial pres- 
sure pulse, phonocardiogram and impedance signal (an upward 
deflection denotes a decrease in thoracic impedance). The ini- 
tial upward slope is extrapolated as far as the pulmonic com- 
ponent of the second heart sound. The total height of this slope 
represents the AZ used in equation 1 to compute stroke volume. 

249 Aerospace Medicine March, 1968 
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diastolic waves. Simultaneous measurement of cardiac 
output by impedance plethysmography and indicator 
dilution before and after isoproterenol in the 13 normal 
subjects provided a comparison of the two methods in 
estimating absolute resting cardiac output and estimat- 
ing the size of a change in cardiac output. Twenty-six 
paired values for cardiac output were obtained (Figure 
2) and were subjected to regression analysis. The mean 
indicator dilution control cardiac output was 6.3 L/min 
rising to 9.5 L/min following the infusion. The ratio 
of the cardiac output computed from impedance 
plethysmography to that measured by the indicator 
dilution technique was 1.34 during the control state 
and 1.23 following the isoproterenol. This Merence 
was not significant (P  > 0.2). The regression equation 
was: Impedance cardiac output = 2.93 + 0.86 x indi- 
cator dilution cardiac output L/min (+ SE 2.33 L/- 
min), with a correlation coefEcient of r = 0.68. 

The results of simultaneous estimation of cardiac 
output by indicator dilution and impedance plethys- 
mography in the 24 patients with heart disease is illus- 
trated in Figure 3 and listed in Table I. A correlation 
coefficient of r = 0.26 was obtained for these data. In 
patients 7, 12, and 13 (Table I) the impedance esti- 
mate exceeded the dye estimate considerably. Two of 
these patients had significant aortic regurgitation while 
one had mitral regurgitation with severe pulmonary 
hypertension. In patient 12 and in a third patient with 
aortic regurgitation in whom simultaneous indicator 

/ I  
1 6  I 

o Control 
A Isoproterenol 

0 2 4 6 8 IO 12 14 
I N 0  D I L  -CARDIAC WTFUT 

L/Min 

Fig. 2. Comparison of cardiac output values given by im- 
pedance plethysmography with those obtained by indicator dilu- 
tion technique in thirteen healthy subjects before and after an 
infusion of isoproterenol. 

250 Aerospace Medicine March, 1968 

dilution cardiac output determinations were not made, 
the impedance measurements were repeated on several 
separate days. The impedance estimate of cardiac 
output was always in the same high range. No patient 
was studied with significant aortic regurgitation who 
had a normal or low impedance cardiac output value. 
In patients 10 and 11 who have aortic stenosis the in- 
pedance and indicator dilution estimates of cardiac 
output agreed fairly closely. 

In six of the patients with heart disease associated 
with atrial fibrillation, the impedance stroke volumes 
for individual beats were compared to the length of the 
preceding cardiac cycles, Figure 4. Impedance stroke 
volume was found to vary with preceding cycle length 
in the expected manner. Although the relationship 
differed slightly in each patient, the correlations were 
good in four of the patients but much less so for two 
of the patients, both of whom had pure mitral stenosis. 
In two patients (Number 1 and 2, Table I )  impedance 
stroke volume of individual beats was compared to 
simultaneous direct measurements of the stroke volume 
of the same beats by the pressure gradient technique.l 
Figure 5 shows the relation of stroke volume estimated 
by the impedance plethysmographic method and the 
pressure gradient technique for individual cardiac cy- 
cles. The correlation coefficients were r = 0.93 for one 
patient and r = 0.91 for the other patient. It should 
be noted that the absolute values for stroke volume 
given by each method differ considerably. 

t I . . 
. . . .. 

. 

0 2 4 6 8 10 
IND. D I L .  CARDIAC OUTPUT 

L/Min 
Fig. 3. Comparison of cardiac output computed by im- 

pedance plethysmography with that obtained by indicator dilu- 
tion technique in the twenty-four patients with heart disease 
listed in Table I. 
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DISCUSSION 

These preliminary findings in a small group of sub- 
jects tend to support the concept that there may be a 
direct relationship between the stroke volume and a 
change in electrical impedance. However, in spite of 
careful attention to the details of the technique, the 
correlation between estimates of cardiac output from 
the indicator dilution method and impedance plethys- 
mography in normal subjects was poor. In similar 
studies performed by Kubicek and co-workers4 the cor- 
relation appears to be much closer, but the form in 
which their data is published precludes a direct com- 
parison with our results. The widest scatter between 
indicator dilution and impedance values was found in 
those patients with heart disease. This finding may be 
related at least in part to the cardiac abnormality. For 
example, in the patients with aortic incompetence the 
impedance cardiac output was unrealistically high. 
Obvious differences in the shape of the impedance 
wave form occur between patients, but to date we 
have been unable to categorize pathological states by 
the nature of the impedance curve. A better relation- 
ship between stroke volume as given by the pressure 
gradient technique and the impedance stroke volume 
was noted in two patients with atrial fibrillation. Also 

a fairly good correlation was found between filling time 
and impedance stroke volume determination in six 
other patients with atrial fibrillation. These findings 
would suggest that for a short duration in a given 
patient the present impedance plethysmographic tech- 
nique may yield a reasonable index of stroke volume. 

The reasons for the poor correlation noted in our 
studies are obscure. Although we have noticed no sys- 
tematic discrepancies in obese or thin subjects, it is 
possible that the girth of the lower thorax or the neck 
affect the impedance change for a given stroke volume. 
Despite close attention to technique, variations in elec- 
trode placement, respiration, and the shape of individ- 
ual subjects also may be partly responsible. In addi- 
tion, the formula used to compute the impedance stroke 
volume is empirically derived and may well be wrong. 
Clearly a considerable amount of research is necessary 
before this technique can be considered ready for clin- 
ical use. However, an accurate atraumatic method of 
continuously measuring cardiac output and beat-to-beat 
changes in stroke volume will be of extreme value to a 
number of medical applications. This is particularly so 
in physiological monitoring during real or experimental 
flight conditions in selected subjects. For this reason 
the impedance plethysmographic method is felt to 
deserve further evaluation. 

cn 
z 
0 
0 
W 
cn 

n 

W 
V 
W 
LT 
a 

IMPEDANCE STROKE VOLUME CM3 

Fig. 4. Correlation of impedance stroke volume with the preceding cycle length for individual beats in six patients with atrial 
fibrillation. 
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Part I11 

AN INFLIGHT PROTOTYPE AND CLINICAL LABORATORY 

IMPEDANCE ELECTRODE - CABLE HARNESS SYSTEM 

Previous investigations by this laboratory (Kubicek -- et al., 

July 1967 Final Progress Report for Contract NAS 9-4500, Chapter 

Two) have determined that an adhesive electrode fabricated from 

metalized Mylar satisfied criteria concerning electrical 

characteristics and subject comfort and convenience. The purpose 

of this chapter is to describe an inflight prototype model 

electrode-cable harness system which implements the Mylar elec- 

trodes and is also applicable for the clinical or research 

laboratory. 

The use of a harness with the four-band electrode system 

is desirable from the standpoint of maintaining the cable and 

electrode system as near constant as possible during a given 

experiment. Movement of the body electrodes due to varying cable 

tension can cause artifacts on the impedance records which are 

especially troublesome during dynamic experiments. With the 

harness it is also possible to standardize the electrode place- 

ment for a given subject. 

The design criteria for the prototype inflight harness 

model required ease of donning and doffing and use of a light- 

weight durable material. 
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F ig .  1 Wire carr ier  and b e l t  

I. Design and F a b r i c a t i o n  

The c a b l e  h a r n e s s ,  shown i n  f i g u r e  1, i s  composed of  two 

p a r t s ,  a v e r t i c a l  m e m b e r  c a l l e d  t h e  w i r e  ca r r ie r ,  and t h e  

h o r i z o n t a l  m e m b e r  or t h e  b e l t .  

Wire Carrier - t h e  w i r e  ca r r ie r  i s  composed of 1" w i d e  Dacron 

fabr ic  sewn w i t h  v e r t i c a l  and h o r i z o n t a l  m e m b e r s .  The v e r t i c a l  

p o r t i o n  i s  two t h i c k n e s s e s  sewn t o g e t h e r ,  w i th  4 w i r e s  

sandwiched i n  between t h e  Dacron t a p e .  Velcro hook material 

i s  p laced  a t  t h e  cauda l  end t o  s e c u r e  t h e  end w i t h  t h e  b e l t .  

The h o r i z o n t a l  m e m b e r  o f  t h e  w i r e  carr ier  h a s  Velcro p i l e  and 

hook material t o  s e c u r e  i t s e l f  i n  a loop  l o o s e l y  about  t h e  neck 

as shown i n  f i g u r e  5. 
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Fig. 2 Cable to harness connector 

Conventional miniature alligator clips are used at the elec- 

trode end. Due to unavailability and lack of adaptability 

of commercial connectors, a special connector was developed 

for use at the cable end. Conventional miniature pin jacks 

and plugs were imbedded in plexiglass blocks to form a male 

and female connection as shown in figure 2. Note that this 

connector is keyed and can only be mated in one position, thus 

insuring that the four electrodes are correctly attached to 

the impedance cardiograph (ZCG). A fifth connector, the 

black pin jack seen in figure 2, is available f o r  use as a 

separate ground connection on the subject if required by the 

experimental conditions or protocol. 
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Fig. 3 Strain relief of cable by use of belt 

Belt - The belt is made of conventional 2 inch wide Velcro 

pile with a length of Velcro hook sewn on. It secures around 

the waist with the hook engaging the belt and sandwiching the 

cable from the ZCG between the two as shown in figure 3 .  

This results in a strain relief for the connector and cables 

under movement or exercise conditions. 

11. Placement of Tape Electrodes and Harness on Patient 

Body Electrodes - Figure 4 shows the tape-on electrodes in 

place on a subject. The electrodes are numbered 1 through 4 
- 

from the neck down. Care must be taken to place electrodes 

1 and 2 on the neck at least 3 cm. apart in order to obtain 

an accurate Z, reading. Electrode 3 is at the level of the 
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xiphisternal junction and band 4 is placed around the torso 

near the lower abdomen. 

Fig, 4 Disposable electrodes in place 

Harness - The electrode harness is shown in place on a 
subject in figure 5. The horizontal member of the wire 

carrier is looped loosely about the neck and secured with 

itself by means of the Velcro pile and hook material. 
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F ig .  5 Wire carrier on s u b j e c t  

The b e l t  i s  p laced  around t h e  w a i s t  w i th  t h e  p i l e  s i d e  t u r n e d  

inward toward t h e  body, as shown i n  f i g u r e  6 .  Th i s  Velcro 

p i l e  engages t h e  Velcro hook from t h e  w i r e  carrier and 

s e c u r e s  t h e  cauda l  end of t h e  w i r e  carrier.  An a l l i g a t o r  

c l i p  i s  a t t a c h e d  t o  t h e  t a p e  e l e c t r o d e  as shown i n  f i g u r e  7 .  

The t a p e  should be b e n t  back upon i t se l f  and t h e  a l l i g a t o r  

c l i p  p l aced  t o  engage both sets of  t e e t h  on t h e  aluminum 

conductor .  
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Fig. 6 Complete harness arrangement on subject 

Fig. 7 Fastening of clip leads from wire carrier to electrode 
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111. Evaluation and summary of results obtained from the cable 

harness: 

The harness has been used in our laboratory under various 

conditions. It has proven very successful in exercise 

studies to stabilize the electrodes and prevent cable 

motion from pulling on the electrodes. It is presently 

being utilized as standard equipment with the ZCG 

cardiographs by the various research laboratories involved 

in the evaluation study (chapter one>. These laboratories 

indicate that the harness has worked successfully and an 

inflight model based on this prototype would appear to be 

quite functional. 
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P a r t  I V  

DIGITAL COMPUTER PROGRAM FOR COMPUTING STROKE VOLUME AND 
CARDIAC OUTPUT FROM THORACIC IMPEDANCE CHANGES 

DURING THE CARDIAC CYCLE ( Z C G )  

A d i g i t a l  computer program w a s  developed t h a t  calculates t h e  

c a r d i a c  s t r o k e  volume, c a r d i a c  ou tpu t  and h e a r t  ra te  from analog 

informat ion  r ece ived  from a ZCG ins t rument .  The program i s  a b l e  

t o  c a l c u l a t e  t h e  above parameters  us ing  only t h e  f i r s t  d e r i v a t i v e  

of t h e  tho rax  e l ec t r i ca l  impedance s i g n a l  and t h e  mean t h o r a c i c  

impedance. A t o t a l  of  512  b e a t s  can be cont inuously c a l c u l a t e d .  

The output  from t h e  computer i s  e i t h e r  i n  p r i n t e d  form showing 

the b e a t  by b e a t  va lues ,  f o u r  b e a t  averages and normalized re- 

s u l t s  or i n  g raph ic  form us ing  a d i g i t a l  p l o t t e r .  The program 

w a s  developed for a Spear  micro-LINC 300 computer i n  assembly 

language. 

Figure 1 shows a t y p i c a l ( d Z / d t )  waveform recorded  from four-  

band e l e c t r o d e s  on t h e  tho rax  as w a s  p rev ious ly  r epor t ed  ( f i n a l  

r e p o r t  NAS 9 - 4 5 0 0 ,  July 1 9 6 7 ) .  Shown i n  f i g u r e  1 are t h e  p o i n t s  

on t h e  waveform used i n  t h e  c a l c u l a t i o n  of  s t r o k e  volume and 

c a r d i a c  ou tpu t .  T h e  s t r o k e  volume and c a r d i a c  ou tpu t  w e r e  

c a l c u l a t e d  us ing  t h e  formulas  shown below 

eq. 1 

and C.O.  = h V / T  eq. 2 

where AV = s t r o k e  volume (cc) 

p = r e s i s t i v i t y  o f  blood a t  1 0 0  kHz and 
37.5OC (150  ohm-cm) 

L = mean d i s t a n c e  between p i ck  up e l e c t r o d e s  ( e m )  



1 0 5  

Z, = impedance between pick up electrodes (ohms) 

(dZ/dtImin = minimum value of the first time derivative of 
Z ( ohms per sec 1 

T = (T3-T1) = ventricular ejection time as determined 
from the dZ/dt waveform 

T = the time interval between heart beats in minutes 

C.O. = cardiac output (cc per min) 

Figure 1 shows the minimum value of dZ/dt, T1, T3, and T. 

The difference between TI and T3 is the ventricular ejection 

time. 

as shown in fig. 1 from (dZ/dt)min to .15(dZ/dtImin. 

done to eliminate from the ejection time determination the slow 

T1 is found by going back in time down the dZ/dt waveform 

This is 

decrease in impedance that occurs with some individuals at the 

start of systole. 

peak positive dZ/dt after (dZJdt)min. 

clearly defined; therefore the program will not calculate the 

T3, the end of systole, is indicated by the 

In some subjects T3 is not 

correct ejection time. A l s o  in some patients with heart valve 

defects, the waveform will be modified so that the program will 

not work correctly. The program was developed using only im- 

pedance information and does not require the ECG for timing. A 

simpler program could be developed using the ECG for timing but 

it could put a restriction on the use of the program in some 

applications. 

Simplified Program Description 

A simplified description of the sampling and calculation 

portion of the program is described below. The program starts 
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by sampling dZ/dt for two seconds as shown in fig. 1. It then 

finds (dZ/dtImin and divides it by three (in fig. 1 negative 

dZ/dt is above the zero line). The computer then starts sampling 

dZ/dt and looking for a positive dZ/dt value. 

positive value it starts sampling and storing. The computer is 

now looking for the start of the next complete systole. Referring 

to the waveform shown in fig. 1, it can be seen that dZ/dt is 

positive only in the last part of systole or during diastole. 

If it is assumed that the computer found the positive value 

occurring during the latter part of systole,then from fig. 1 

it can be seen that the next negative value of dZ/dt will occur 

When it finds a 

during diastole. The normal subjects tested to date have shown 

negative dZ/dt values during diastole to be greater than 

1/3(dZ/dt) min. Therefore, since the computer is looking for 

the start of a systole, it jumps over any dZ/dt until it is less 

than 1/3(dZ/dtImin of the previous beat. 

dZ/dt less than 1/3(dZ/dtImin it assumes it is in a systolic 

ejection period and it begins to look for a zero crossing which 

will occur after (dZ/dtImin. When the computer finds a zero 

crossing, it samples for 150 ms more which is enough time to 

After it finds a 

cover a complete systolic ejection period. After a 150 ms, 

it samples the Z line to obtain Zo. The computer then finds 

(dZ/dtImin and the location in memory of .15(dZ/dt)min by going 

back in time down the dZ/dt waveform from (dZ/dtImin as shown in 

fig. 1. Because the sampling rate is constant and the samples 

are stored in consecutive location in the memory, their position 

in the memory will be an indication of their occurrence in real 
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t i m e .  A f t e r  T1 i s  f o u n d , i t  goes forward i n  t i m e  and f i n d s  t h e  

l o c a t i o n  i n  t h e  memory of t h e  m o s t  p o s i t i v e  dZ/d t  v a l u e  i n  t h e  

c u r r e n t  samples which cor responds  t o  T3.  The computer t h e n  

c a l c u l a t e s  T3 - T1 t o  o b t a i n  t h e  s y s t o l e  e j e c t i o n  t i m e  T. 

t h i s  p o i n t  t h e  computer h a s  a l l  t h e  in fo rma t ion  necessa ry  t o  

A t  

compute s t r o k e  volume. 

The computer t h e n  proceeds t o  o b t a i n  T i n  o r d e r  t o  compute 

h e a r t  r a t e  p e r  minute .  I t  computes t h e  t i m e  from t h e  s t a r t  of 

t h e  sampling and s t o r i n g  p e r i o d  t o  (dZ/dtImin and adds t o  it t h e  

t i m e  from t h e  p rev ious  (dZ/dtImin 

sample p e r i o d .  The l a t t e r  t i m e  i n t e r v a l  w i l l  be i n  e r r o r  on t h e  

f i r s t  b e a t  because of t h e  d e l a y  necessa ry  f o r  t h e  computer t o  

f i n d  t h e  s ta r t  of s y s t o l e .  The computer t h e n  s t o r e s  t h e  t ime- f rom 

t o  t h e  end of  t h e  p rev ious  

t h e  (dZ/dtImin of  t h e  p r e s e n t  b e a t  t o  t h e  

p l e  f o r  u s e  i n  c a l c u l a t i n g  T f o r  t h e  n e x t  

and cardiac o u t p u t  i s  t h e n  c a l c u l a t e d  and 

p u t  i s  d i s p l a y e d  on a cathode r a y  t u b e  as 

end of t h e  c u r r e n t  Sam- 

beat. The s t r o k e  volume 

t h e  v a l u e  of  cardiac ou t -  

a p o i n t  on a graph.  The 

computer t h e n  jumps t o  p o i n t  B i n  t h e  f low c h a r t  t o  s t a r t  t h e  nex t  

beat.  

Opera t iona l  D e s c r i p t i o n  of Program 

The program computes, p l o t s  and p r i n t s  s t r o k e  volume, p u l s e  

ra te ,  and c a r d i a c  o u t p u t .  I t  c o n s i s t s  of  one m a s t e r  program and 

f i v e  sub-programs. The master program i s  c a l l e d  COCAL; t h e  sub- 

programs are called INT-DSP, COMPUTE1, FIN-DSP1, PLOT1 and PRINT1.  

When t h e  program COCAL i s  loaded i n  t h e  computer t h e  f irst  d i s p l a y  

appears  on t h e  ca thode  r a y  d i s p l a y  tube  and t h e  sub-programs are 
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called i n  from d i g i t a l  t a p e  as needed. 

A f t e r  t h e  program i s  loaded and s t a r t e d  a series of  d i s p l a y s  

are shown ask ing  q u e s t i o n s  about  t h e  va lues  of  t h e  c o n s t a n t s  and 

c a l i b r a t e  f a c t o r s  as shown i n  f i g .  2 .  The f i r s t  d i s p l a y s  g i v e s  

t h e  va lue  of  p as 1 5 0  ohm-cm. I f  t h i s  va lue  i s  n o t  d e s i r e d ,  t h e  

delete  key on t h e  keyboard can be s t r u c k  and t h e  d e s i r e d  va lue  

of  p en te red .  A f t e r  t h e  c o r r e c t  va lue  i s  en te red  t h e  end of  l i n e  

(EOL) key i s  s t r u c k  which stores t h e  va lue  and a new d i s p l a y  

appea r s .  The nex t  two d i s p l a y s  ask  f o r  t h e  va lue  of  L f r o n t  and 

L back. From t h e s e  two va lues  t h e  computer computes t h e  mean 

va lue  and s t o r e s  it as L. The next  two d i s p l a y s  a s k  f o r  t h e  

va lues  of t h e  c a l i b r a t i o n  f a c t o r s  r e l a t i n g  Z, and dZ/dt  and analog 

i n p u t  vo l t age  r e p r e s e n t a t i o n s  of  t h e s e  parameters .  The nex t  d i s -  

p l ay  asks  t h e  o p e r a t o r  t o  type  S i f  t h e  desired analog s i g n a l s  

are e n t e r i n g  t h e  computer. A f t e r  S i s  typed and t h e  EOL key 

s t r u c k ,  t h e  computer starts sampling t h e  i n p u t  s i g n a l s  and com- 

pu te s  cardiac ou tpu t .  The computer can be temporar i ly  h a l t e d  

and t h e  sampling s topped a t  any t i m e  by r a i s i n g  sense  swi tch  0 .  

This  f e a t u r e  a l lows  t h e  o p e r a t o r  t o  s t o p  t h e  sampling i f  any 

a r t i f ac t s  appear or t o  compute only s e l e c t e d  segments of t h e  d a t a  

from a long run .  Also wi th  t h e  use o f  t h r e e  o t h e r  s ense  switches 

t h e  d i g i t i z e d  i n p u t  waveforms o r  t h e  c a l c u l a t e d  c a r d i a c  ou tpu t  

r e s u l t s  can be viewed on t h e  cathode r a y  tube  as t h e  sampling and 

c a l c u l a t i n g  i s  going on. A l l  o f  t h e  sampling and c a l c u l a t i o n s  

are done i n  rea l  t i m e  on a beat by b e a t  b a s i s .  When t h e  d e s i r e d  

number of  beats have been sampled and computed, t h e  EOL key i s  

s t r u c k  t o  end t h i s  p o r t i o n  o f  t h e  problem and t o  ca l l  i n  t h e  out-  

p u t  r o u t i n e s .  
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Fig. 2 Constants and Calibration factors as shown in 
input displays 
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Fig .  3 P l o t t i n g  o p t i o n  d i s p l a y s  
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The d i s p l a y  t h a t  appears  af ter  t h e  EOL key i s  s t r u c k  i s  

shown i n  t h e  t o p  d i s p l a y  o f  f i g u r e  3 and i s  c a l l e d  t h e  main 

s e l e c t i o n  op t ion  d i s p l a y .  

choose i f  p l o t t i n g ,  p r i n t i n g  or a cathode r a y  tube  d i s p l a y  of  

the  d a t a  i s  d e s i r e d .  T h e  choice  i s  made by s t r i k i n g  keyboard 

keys 2 ,  3 o r  4. A f t e r  t h e  completion of t h e  execut ion  of any of  

t h e  ou tpu t  ope ra t ions  t h i s  d i s p l a y  reappears .  The f i r s t  choice 

on t h e  d i s p l a y  w i l l  res tar t  t h e  sampling and c a r d i a c  ou tpu t  

c a l c u l a t i o n  p o r t i o n  of t h e  program. 

EOL key are s t r u c k ,  i n d i c a t i n g  t h a t  p l o t t i n g  i s  d e s i r e d ,  the  next  

d i s p l a y  w i l l  a l low a choice  between dog d a t a  or human d a t a .  The 

purpose of t h e s e  choices  i s  t o  a d j u s t  t h e  scales t o  opt imize the 

s i z e  of t h e  graphs f o r  t h e  d i f f e r e n t  va lues  of  s t r o k e  volume and 

c a r d i a c  ou tpu t  t h a t  occur  i n  dogs and humans. The next  choice  

i s  t h e  l eng th  of the X a x i s  d e s i r e d .  The l a s t  choice  made, as 

i n d i c a t e d  i n  f i g u r e  3 ,  i s  t o  determine which v a r i a b l e s  or com- 

b i n a t i o n  of v a r i a b l e s  should be p l o t t e d .  A f t e r  t h e  execut ion of 

the las t  set  of  op t ions  t h e  p l o t t i n g  ope ra t ion  w i l l  s t a r t .  Two 

o t h e r  switch s e t t i n g s  on t h e  computer c o n t r o l  p l o t t i n g  func t ions .  

This  i s  the  d i s p l a y  t h a t  i s  used t o  

I f  key 2 fol lowed by t h e  

One i s  sense  swi tch  1 which determines whether every p o i n t  i s  

p l o t t e d  or only f o u r  b e a t  average.  T h e  second i s  a r e g i s t e r  o f  

switches c a l l e d  RSW which c o n t r o l s  whether symbols w i l l  be  p l o t t e d  

on t h e  graph and i f  so how o f t e n .  

graph t h e  d i s p l a y  shown i n  t h e  t o p  of  f i g u r e  3 r e t u r n s .  

A f t e r  t h e  completion o f  t h e  

The next  op t ion  (number 3 )  i s  f o r  p r i n t i n g  t h e  r e s u l t s  on t h e  

d i g i t a l  p r i n t e r .  The va lues  f o r  the  c a r d i a c  o u t p u t ,  s t r o k e  volume 

and p u l s e  ra te  are au tomat i ca l ly  p r i n t e d  a f t e r  s e l e c t i n g  t h i s  

op t ion .  T h e  f o u r  b e a t  averages,and t h e  f o u r  beat averages 
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normalized t o  the f i r s t  average are p r i n t e d  f o r  a l l  t h e  param- 

e ters .  S t r i k i n g  t h e  EOL key w i l l  t e rmina te  t h e  p r i n t i n g  of  any 

parameter and t h e  completion of  p r i n t i n g  o f  t h e  e n t i r e  computed 

r e s u l t s  w i l l  r e t u r n  t h e  program t o  t h e  main o p t i o n  s e l e c t i o n  

d i s p l a y  as shown i n  t h e  t o p  of f i g u r e  3 .  

The las t  o p t i o n  (number 4)  i s  t h e  o s c i l l o s c o p e  d i s p l a y  o f  

t h e  computed r e s u l t s .  The s e l e c t i o n s  involved i n  t h i s  o p t i o n  

are shown i n  f i g u r e  4.  By s t r i k i n g  key 1, 2 or 3, e i t h e r  t h e  

p u l s e  ra te ,  s t r o k e  volume or c a r d i a c  ou tpu t  can be d i sp layed  on 

t h e  o s c i l l o s c o p e  i n  g raph ic  form s i m i l a r  t o  t h a t  p l o t t e d  by 

t h e  d i g i t a l  p l o t t e r .  S t r i k i n g  t h e  EOL key r e t u r n s  t o  t h e  main 

s e l e c t i o n  op t ion .  From t h e  main s e l e c t i o n  o p t i o n  t h e  e n t i r e  c y c l e  

can be r epea ted  and t h e  program r e s t a r t e d  t o  sample d a t a  and com- 

pu te  c a r d i a c  ou tpu t .  

FLOW CHART AND ASSEMBLY LANGUAGE PROGRAM 

The d i g i t a l  computer used i n  developing t h e  computer program 

w a s  a micro-LINC-300 manufactured by Spear I n c .  I ts  l o g i c a l  

s t r u c t u r e  i s  b a s i c a l l y  s i m i l a r  t o  t h e  o r i g i n a l  L I N C  machine 

designed by Clark  and Molnar ( 1 , 2 ) .  The p r i n c i p a l  d i f f e r e n c e s  

between t h e  micro-LINC 3 0 0  and t h e  o r i g i n a l  L I N C  are i n  t h e  inpu t  

and ou tpu t  s t r u c t u r e  and t h e  speed of ope ra t ion .  

used f o r  t h i s  program has  a real  t i m e  c lock  t h a t  o p e r a t e s  a t  

The machine 

speeds of 250  Hz, 5 0 0  Hz, 1 0 0 0  Hz, and 4 0 0 0  Hz. The c lock  ope ra t e s  

through a p r i o r i t y  i n t e r r u p t  system and i s  used i n  t h e  program t o  

determine t h e  analog sampling r a t e .  

The machine a l s o  has  a s m a l l  o s c i l l o s c o p e  d i s p l a y  t h a t  i s  
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Fig .  4 Osc i l l o scope  d i s p l a y  o p t i o n  
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c o n t r o l l e d  d i r e c t l y  by t h e  computer, f o u r  s m a l l  d i g i t a l  t a p e  

t r a n s p o r t s  w i t h  addres sab le  2 5 6  word b locks ,  a d i g i t a l  p l o t t e r ,  

a d i g i t a l  p r i n t e r  and 1 2  ana log  t o  d i g i t a l  convers ion  channels  

c o n t r o l l e d  by the computer. The computer has  a 4 K  memory wi th  

1 2  b i t  words and o p e r a t e s  w i t h  a memory c y c l e  t i m e  o f  1 microsec.  

The computer program i s  w r i t t e n  i n  an assembly language 

c a l l e d  LAP6. The assembly program i s  r a t h e r  powerful and performs 

c o n t r o l  f u n c t i o n s  as w e l l  as conve r t ing  programs. 

The fo l lowing  i s  a brief d e s c r i p t i o n  of t h e  programs used 

i n  t h e  t o t a l  cardiac o u t p u t  computing program. 

COCAL - t h i s  program i s  t h e  main c o n t r o l  program. The program 

c o n t r o l s  t h e  analog t o  d i g i t a l  conversion and chooses 

t h e  proper  p o i n t s  from t h e  curve  f o r  c a l c u l a t i o n .  The 

program a l s o  l o c a t e s  t h e  p o s i t i o n  of  t h e  o t h e r  programs 

on t a p e  and ca l l s  i n  m o s t  o f  t h e  o t h e r  programs as needed. 

INT-DSP - t h i s  program g e n e r a t e s  t h e  i n i t i a l  d i s p l a y s  used i n  

r ead ing  i n  t h e  c o n s t a n t s  and c a l i b r a t i o n  f a c t o r s .  

FIN-DSP1 - t h i s  program g e n e r a t e s  t h e  f i n a l  d i s p l a y  r o u t i n e s  t h a t  

are used t o  choose t h e  o p t i o n s  f o r  p r i n t i n g ,  p l o t t i n g  or 

o s c i l l o s c o p e  d i s p l a y .  

COMPUTE1 - t h i s  program performs t h e  c a l c u l a t i n g  o p e r a t i o n s  i n  

double  p r e c i s i o n  f l o a t i n g  p o i n t  a r i t h m e t i c .  

PLOT1 - t h i s  program c o n t r o l s  t h e  p l o t t i n g  o p e r a t i o n s .  

PRINT1 - t h i s  program c o n t r o l s  t h e  p r i n t i n g  o p e r a t i o n s .  

The nex t  s i x  fo ld-out  pages c o n t a i n  d e t a i l e d  f low c h a r t s  of 
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the program. Following the flow charts is a complete manuscript 

listing of the computer program. 

is an appendix that contains details on the program operations, 

a section on the computation of stroke volume, and cardiac output, 

and samples of the printer and computer outputs. 

Following the manuscript listing 
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CONT 
[PROGRAM TO COMPUTE CPRD~AC OUTFuT 
CTRUDI JUNCKER - 1968 
CUTILITY ROUTINES SCOPE-Sp 
C DBLFLT 
c CpLCPMP PLOT 
CTO OPERATE 
CUSP LAp6*2S TO LOAD COCALO THIS PROGRAM STARTS 
CAUTOMATICALLY AND QUESTION'S AN'D COMMANDS WILL APPEAR 
CON THE SCOPE. 
c TYPE IN CHARACTERS TO FILL IN THE BLANKS AND 
t TERMINATE WITH AN EOLI T H E  BEXT DISFLAY WILL 
t THEW APPEAR, IF A M'ISTAXE IS MADE, THE DEL K E Y  
t CAN BE USED TO ERASE THE ENTRIES I N  THE CURRENT 

t To THE FIRST DfSPLAYo 
CAFTER SdEOL IS TYPED, THE COMPUTER WILL START 
CSAMPLfNG THE ANALOG INPUT AND COMPUTE CARDIAC OUTPUT, 
[USE OF SENSE SWITCHES 3O5 ALLOWS THE USER To VIEW THE 
C R A W  CATA CSWTTCHES 4-52 ANI) THE CARDIAC OUTPUT VALUES 

[SENSE SWITCH r;)l ALLOWS THE USER CONTROL OVER THE DATA 

c DISPLAY. USE OF THE CASE K E Y  WILL RETURN YOU 

CCSWITCH 33  AS THE SAMPLING 1s TAKING PLACE' USE OF 

C$AMPLEDeIN THE UP POSIT1oN SENSE SWXTC'H pl DIRECTS THE 
CCOMPUTER To IGNORE THE INPUT DATA - WHICH MIGHT BE 
CNOISYpETCa SAMPLING RESUMES WHEN SENSE SWITCH 0 
CIS IN THE DOWN POSITIONr THE EOL KEY CAN RE USED TO 
[DICTATE THE NUMBER OF VALUES OF C o O r  CPeRa AND S.VeI 
CCOLLECTEDI IF DEPRESSEbg THE SAMPLING STOPS AND THE 
CACCUMULATED VALUES OF C i O l ,  PIRI AND Save ARE WRITTEN 
CON T A P E .  A JUMP IS MADE TO THE FINAL DISPLAY ROUTING 
C I F  NOT DEPRESSED, 512 VALUES OF EACH ARE COLLECTED 
LAND S A V E D  ON TAPE AND A JUMP MADE TO THE FINAL 
ED ISPLAY * 
t 
c FINAL DISPLAY 
[THE SENSF SWITCHES ARE USED TO DICTATE THE FINAL 
CDISPLAY 
t Ss41.5 e RAW DATA A S  BEFORE. 
c 
c S s 3  3 SCOPE DISPLAY OF OUTPUT OpTIOBs, THE USER 
t MUST CHOOSE HIS COURSE OF ACTION CRESTART 
t P R Q G R ~ M , P ~ O T , P R I N T , S c O P E l  BY TYPING THE NUMBER 
t OF HIS cH0,IcE FOLLOWED BY EoL. TYPING EOL MILL 
t RESULT EITHER IN'THE APPEARANCE OF THE NEXT 
c DISPLAY O R s  AS I N  THE CASE: OF Q I N T I  THE 
t OUTP~JJT OF D ~ T A I  DEL EriASES THE EbTRIES I N  THE 
t CURRERT D,I SPLAY 4 DEPRISS'ING THE CABE KEY 
c RETURNS YOU TO AN EARLIER DISPLAY' TO EXAMINE 
t E RAW DATA WHILE IN THE SCOPE DISPLAY 
I: UTINE* RAISE: sS4 OR 5 ,  DEPRESS SS3 AND WHILE 
c VIEWING THE FIRST DISPLAY LIST, HIT THE 
c CpSE KEY4 
c 
c PAINT ROUTINE 
C C A R D I A C  OUTPU~T~ 1s PRINTED FIRST' THEN STROKE VOLUME 
CAND LASTLY PULSE RATE, THE EOL KEY MAY BE USED.3'0 
c INTERRUPT THE $Yp,! 
[THE: NEXT, DEPRESS1 TpE EOL KEY WHE'N PULSE RATE IS 

OF ONE $ET OF VALUES TO GO ON TO 
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7600 
0101 
1,120 
1400 
4555 
0100 
045 1 
6 6.P 5 
1120 

0346 
1120 
@24@ 
4556 
1020 
74ga 
0162 
0262 
0162 
0162 

STARTING 

131 

BASEL 1g.E 



132 



717 
72e 
721 
722 
7.23 
.L@ 4 
725 
726 
727 
731E 
731 
7 32 
733 
734 
73s 

a773 
l t l l  
0470 
$7135 
045 1 
6664' 
i esm 
e773 
18pJ 
00QI 1 
1158 
'1 000 
0773 
9 7 3  0 
112120 

SCOPE 





135 



136 



137 



COKT 
1275 4337 P 7 P  4377 
1276 4247 4247 
1277 ~ 1 7 7  1?177 
1SRE 7777 7777 

138 



139 



SET& 1 p! 
7 F  
CLR 
STC'IF 

140 



164 @a03 
163 4,593 

167 3'441 
166 421,4 

170 jp42 
17.1 53453. 
172 1725 
17,3 4.015 
174. :1,434 
175 46"1,4 
176 5656 
177 1 ' 3 f 3  

141 

,SET&? 
9u [ L O C A T I O N  OF CkARAcTERs ENT 
Si' T&'l 1 
4 - 7 4  

10@ 



INT-DSP93 LN:lOf 

CON? 1 4 2  
208 1314 1314 
281 5776 5776 
2@2 @ B O 3  # I O  @Pa3 
21E3 3714 3714 [L FRONT IN cF1 f 

2@4 3145 3145 
285 4241 4241 
296 4714 4714 
207 3441 3441 
21!2 1426 1426 
211 4P14 4Pl4 
212 2314 2314 
2 1 3  5650  5656 
214 1313 1 3 1.3 
215 1'513 1513 
216 5777 5777 
217 121583 # l P  00F33 
221E 3714 3714 EL BACK I N  CM = 
221 2524 2524 
222 3636 2636 
223 1434 1434 

41 14 
26491 

326 1421: 1423 
227 1456 1456 
23@ 5 6 1 2  5613 
231 1315 1315 
232 1314 1314 
ZZ? 5777 7777 
224 E"0Pr3 # 1 R  OPP3 CZ CAL 
$335 5514 5514 t i  OHPI : e.c- V *  
236 2634 2624 
237 3756 3756 
248 5 6 @ 1  56c  1 
241 1442 1443 
342 334p 374@ 
243 1423 1423 
344 1413 1413 
245 1513 1513 
246 1314 1314 
247 5115 51 15 
2501 5777 5777 
251 @@pi3 #is  B @ @ 3  CI?Z/5T CAL 
252 2755 2755 c 1  OHP/SEC 5 i * = a  V I  

255 2624 2x24 

z C ; ~  2/27 2127 
254  4714 4714 

256 37556 3756 
257 56B1 36e 1 
26fl 1442 1442 

S62 2146 2146 
261 334P 334p  

263 3Q26 3P26 
264 1423 1423 
265 1413 1413 
266 1513 1513 
267 1314 131.4 
27p 5115 51 15 



LN:254 143 



144 



145 

#9Q 

f 9 R  

#9 s 



146 



INT*DSP,l@ 

COPT 
675  ‘1212 
676 1212 
677 4477 
70B 7744 
7@l 5177 
702 2651 
703 4136 
704 2241 
785 4177 
706 3641 
707 4577 
718 4145 
711 4477 
712 4044 

715 107’7 
7,16 7710 
717 7741 
720 0@41 
721 4142 
722 4876 
723 1’077 

725 0 77 
726 $‘30 1 
727 3077 
73P 773a 
731 387‘7 
7 2 ?786 

734 7741 
735 4477 
736 3g44 
737 4276 
7416 p1376 
741 4437 
742 3146 
743 $121 
744 4651 
745 404.8 
746 4077 
747 0177 
7% 77kQ 

753 0677 
754 77.01 
7 5 5  ‘1463 
756 6314 
757 0770 
760 7mll 
761 4543 
762 6151 

724 4324 

7 3 S 4177 

g k  y g  

14 7 

2651 
4136 

4177 
3641 
4577 
4145  
4477 
4g44 
4136 
2645 
1 p77 
771p 
7741 
0041 
4142 
46n76 
lp77 
4324 
Ut77 
@ s a l  
3077 
773e 

4177 
7741 
4477 
36144 
4276 
0336 
4477 
3146 
5121 
463 1 
4g40 
4077 

2241 

$!% 

a177 
77bi 
0176 
7482 
e677 
7701 
1463 
6314 
077a 
7007 
4543 
6151 
3763 
a 763 0,000 

764 0808 rY9U fll 



14 8 



v 
IF 
16 

1J 
1K 
1L 
f i f  
1fJ 
1T 
214. 
28 
2:c 
2D 
2E 
ZF 
26 
2H 
2s 
25 
2K 
2t 
2T 
38 
3c 
3P 
3E 
33 
3G 
3H 
31 
35 
3K 
31, 
3M 
3N 
30 
3P 
3Q 
3R 
35 
3T 
3u 
3v 
3w 
3x 
3Y 
32 
4A 
5A 
58 
6A 
6R 
6C 
6D 
6,P 
6F 
6 G  
6k 

z! 
LINE, 

347 
24: 
368 
1145 
'1 146 

550 
1124 
636. 
7 6'6 

1131 
735 
1116 
1 11'3 
1114 
744 
747 

1255 
1174 
11'17 
'1360 ,; ;;; 
i 237 
I 3,66 
1370 
1404 
1413 
1416 
'1 52'4 
'1,422 
'1 54 1 
'1563 
1976 
1777 
1 '7 7'4 
'f 775' 
16 1'1 
,1556 
1615 
1,640 

1716 
1 '7 26 
.1 764 
1432 
j @ 5 3  

.f ;$! 

2054 

149 



CONT 

21 1730 
22 60@0 
23 l a 0 0  
24 1237# 
25 6635 
26 7954 
27 1355 
.3t? 1377 
31 1430 
32 1@0B 
33 1233 
34 6635 
35 7@54 
36 1377 
37 13'77 
4P 1453 
41 10Q0 
48 1340 
43 6635 
44 7@54  
45 1377 

28 102p 

% $% 
5 e  6 24 
51 7363 

L 
52 63 7 

54 6347 
55 101210 

57 5635 
6~ 7734 
61 1177 
62 6324 
63 1820 
64  @e63 
65 6635 
G6 7054 
67 1453 
7P 64@@ 
71  7163 
72 6422 
73 7054 
7 4  6347 
75 7734 
76 6313 

77 E 6 4 1  
1BQ t36@@ 
101 6 8 7 8  

53 7744 

56 123& 

T 

150 

000 X DZ/DT CAL 

9e CL MEAN 
JMP3B CFLOAT 9F 
JMP1054 CCOMPUTE L * * 2  
9 F  





1 5 2  



265 
266 
267 
2 7 ~  

27 1 
272 
273 
274 
275 

30m 

3fl3 
304  
305 
386 
307 
31fd 
311 
3.1 2 
313 
314 
315 
316 
317 
32cl 
321 
322 
323 
324 
325 
326 
327 

;ss 
;:i 

3 3 p  
33 1 
332 
335 
334 
335 
336 
337 
34Q 
341 
342 
343 
344 
345 
346 
347 
350 
351 
352 
353 

CONT 
4733 
6.6 1 2 
0640 
7000 

+ X  







156 



157 

COiYPUTE1910 LNc615 

CONT 
445 6441 JMP ' - 4  
446 0235 XSK & 15 
447 6437 JHp 3K 

458 10t7 #SL LDA 17 

453 @45B ATE 
454 IEC?IZB %3R R ~ T t l h ' l ~  

LDA 8, 455 le20 
456 4ae0 m3777 
4'57 114" ACP? 
46P e017 17 
461 1017 L D A  17 

[TEST FOR EhD 

BcL &* 
451 452  5777 1560 5777 

[STEP LINE OF C H A R e T A ~ L ~ - ~ L L O W S  O V E R L A P  INTO UPPER MEV 
ORY 

464 2f l i0  
465. 457fl STC 3s 
466 152,ri" SRO R [TEST FOE EY 
467 0a00 #3P CKEy W O R D  
47er €511 J N P  ' + E !  
471 274n ADD 7Y CTEST FOR POIfJTS LESS T H A N  OR EQUAL LOIvER E, 

011 ND 
472 P6@@ ADD 3N 
473 e451 APQ 
474 65@5 JMP ' + 1 1  
475 @ a l l '  CLf i  CTEST FOR POINTS GREATEE T H A N  UPPFR HOUND 
476 2740 A D D  7Y 
477 2GIF1 A D D  30 
5@L? €3471 A P O  Rr 
501 65915 J r f P  ' +4  
5 8 2  in28 LDA 4, CCARRIAGE RIGHT 
S a 3  0 B @ 4  4 
5@4 6571 JMP R A  
sa5 @ e r r 1  CLR 
!5PG 27443 ADD 7Y [DECREASE POINT INDICATOR It i  7 Y  
5P7 2576 ADD 3V 
51@ 474E STC 7Y 
511 15Cl0 $EO CTE:ST FOR + Y  
512 0467 w 
513 6536 JNP '+23 
514 2740 A D D  7Y (TEST F O R  POINTS G R E A T E R  THAN OR E Q U A L  LOUE 

515 2601 ADD 30 
516 2577 ADD 3w 
517  e471 A P O  & 
52p: 6532 J M P  '42 
521 e o 1 1  CLR CTEST FOR POfNTS LESS T H A N  LOWER POUrdD 
522 2740 ADD 7Y 
523  260@ ADD 3p 
524 2577 ADD 3W 
525 a451 APO 
526, 6532 JMP '+4 
527 1e2e LbAa [CARRIAGE LEFT 

R BOUND 





159 



160 









164 



[PLOT POINT 



166 



i2 LNsl784 167 



168 



169 





CgNT 
111 6 00 
112 6fl94 
113 6124 
114 6127  
115 6132 
116 6135 
117 614@ 
120 6143 
123 la20 
123 a007 
123 6145 
124 lB2B 
125 P 0 E l  
126 6 1 4 5  
127 1020 
131E 0@@2 
131 6145 
132 '1020 
133 181604 
134 6145 

163 13pl  
164 1745 
165 3@46 
166 4724 
167 4547 
!7G? 1443 

172 3245 
173 244P 
174 5656 
175 13@2 
176 1743 
177 3743 
2@0 4714 

171 4542 



172 



272 
273 ml 
2.7 3 

300 
301 
302 
303 
304 
3?!3 
306 
387 
310 
31 1 
312 
313 
314 
315 
316 
317 
3.2 $2 
321 
322 
323 
324 
325 
326 
327 
330 
331 
332 
333 
334 
335 
536 
337 
340 

342 
343 

346 
347 
350 
351 
352 
35.3 

356 
357 
360 
36 1 
362 

;2 

341 

3":; 

x3sf 

COPT 
'1542 
1514, 
2014 
$615 
5115 
7696 
1306 
1743 
1545 
15'14 
e014 
4615 
7115 
5656 
1307 
1724 
3737 
1447 
3345 
3QJsa 
5777 
ais2 
0?;@4 
B5P6 
8777 
028 1 
1 3 P l  
1733 
5840 
2441 
I427 
2447 
2414 
7656 

1.72 6' 

4232 
1487 
2447 
2414 
5777 

7 77 
02pI 1 
13@l 
1755 
1424 
5334 
466 1 
BlbW 
1434 
4115 
5656 
1.36'2 
1'75.3 
1424 

b p 2  

173 



174 



175 



176 



1 7 7  



F I r : - w q  9 I 

CONT 
7 e 7  4577 
71P 41A5 
711  4477 
712 4P44 
7 1 3  4136 
7 1 4  2,645 
715 1877 
716 7710 
717 7741 
72P, @PI41 
721 0142 
722 4@76 
723  1077 
724 4324 
725 P177 
726 f3301 
727 3077 
73p 7730 
731 31'177 
732 77~36 
7 3 3  4177 
734 7741 

736 3044 
737  4276 
746" @37f; 
741  4477 
742 Z146 
7 4 3  5131 
744 4651 
745  4 @ 4 4  
746 4@77 
747 121177 
75Q 7 7 @ l  
751 e176  
752  74e2 
753 e677  
754 7 7 e l  
7 5 5  3463 
756 6314 
757 8778 
76P 70P7 
761 4543 
76P 6151 

7 z 5  4477 

~ r ~ = 7 1 i  

4577 
4145 
4477 
49144 
4136 

1077 

774 1 
0841 
4142 
4@?€ 
1P77 
4324 
41177 
3313 1 
3p77 
773qi 
3077 
7706 
4177 
774 1 
4477 
3844 
4276 
@37€ 
4477 
3146 
5121 
4651 
4@4@ 
A877 
P i 7 7  
77Dy 
0176 
74E2 
P677 
77B1 
1463 
6314 
t177r 
7@87 
4543 
6 1 5 1  

8645 

7719 

8767 
P 

178 



179 

10W 
l P G 6  
l0B7 
rela 
101 1 

l(F12 
1013 
le14 
111.35 
1016 
19117 
1920 
1821 
19122 
1 IT23 

le24 
1 P25 
16326 
1027 
103P 
1831 
1032 

lP52 
1053 
1#54 

2F 
2'6 
2H 
21 

CONT 
115.3 
1167 
12P3 
1212 
1234 

1572 
1573 
1574 
1575 
16113 
1625 
1631 
1637 
1641 
1652. 

1245 
1255 
1271 
13P4 
1313 
1323 
1331 
1346 
1356 
1366 
1377 
1405 
141 1 
1416 
1477 
1434 
1444 
1468 
1471 
15flcf 
1515 
1523 
1532 
1541 
1552 

lPlS5 1563 i z  
CCASE SPECIAL - 

6856 1653 211 
2v 
2w 
2x 

b06e 1057 PB 671 
'1061 1677 





181 

1161 Bza2 
1162 ale1 



182 



18 3 



184 



18 5 



186 



187 
COPT 

1633 4382 4382 

1635 4701 4701 
1636 2663 c .  2683 

1634 4'004 4@e4 



188 



PLOT 1 P 0 189 

21 
2 5  
2K 
2L 
27 
38 
36 
3D 
3E 
3F 
3G 
3v 
3 1  
35 
3K 
3L 
3 M  
3N 
30 
3P 
3Q 
3R 
3s 
3T 
313 
3v 
3w 
3x 
3Y 
32 
4A 
SA 
58 
6A 
Gie 
6C 
6b 

6G 
6H 

3 





B 2  L 
CONT 
6400 
61413 
1020 
0144 
4734 
4733 
66,12 
0640 
7000 

0046 
0000 
1020 
06gQ 
4734 
102@ 
0 144 
4733 
6612 
1020 
0006 
4422 
1325 
1420 
7700 
6142 
64120 
6134 
1820 
0144 
4734 
1020 

4733 
6612 
6747 
1020 
1750 
4734 
4422 
6612 

0310 

.No72 1 9 1  

120 
121 
122 
1 2 s  
124 
125 
126 
127 
1 30 
131 
132 
133 
134 
135 
I36 
137 
I 40 
141 
142 
143 
144 
145 
t 46 
147 
I 56 
151 
152 
153 
154  
155 
156 

157 
160 
161 
162 
1 6 s  
164 
165 
166 
167 
1 7 ~  
1 ?l 
172 
1 73 
174, 
175 



176 
177 
20cr 
2flf 
202 
2 ~ 3  
204 
2p5 
2@6 
2@7 
210 
211 
212 
213 
214 
215 
216 
117  
22% 
22 1 
222 
223 
224 
225 
226 
227 
230 

232 

233 
234 
235 
236 
237 
240 

231 

24 1 
242 

245 
246 
247 
2543 
291 
252 
2553 
2,54 
255 
256 
257 
26P 

26 1 
262 
263 
264 

93 I 

CONT 
7034 
1325 
'1 42a 
12e0 
622 1 
1420 
??OF. 
62!0, 
64@@ 
6177 
! @2@ 
0310 
4733 
6612 
1 e20 
0144  
4740 
4737 
6fJt?6 
1020 
0310 
4733 
I @2fl 
7633 
114g 
0734 
6612 
6747 
6137 

,Ne I63  1 9 2  

DATA 



a69 
26s, 
237 
27Ql 
2”7; z?$2 
?,7 $ 
874 
2?F‘ 
277 
390 
,301 
302 

306 
j 07 
3191 
31 1 

Sf4 
319 
316 
317 
320 
32 1 
322 
323 
324 
325 
326 
327 

33# 
333 
a34 
335 
336 
337 
340 

276 

I,$ 

:$ 

3& 

34 1 
3 42. 
343 
344 
$45 
346 
347 
350- 
3 51 
$52 
353 
$54 
359 

193 

AND DOG DATA 

DATA 



194 



.N ?: 4.36 195 

MEM 



PLOT197 LNt524 196 

CONT 

CLI? 
533 2740 
532 

535 4740 STC 7Y 
536 1500 SRO CTEST FOR + X  

ApD 7Y CINCREASE POINT 1NX)ICATOR IN 7Y 
534 2577 ADD 3w 

537 0467 3w 
54e 6550  JMP '*is 
541 102Q LDA& ' E D R U M  DOWN 
542 0002 2 
543 6571 3MP 8A 
544 100m LbA 
545 a7$7 7x 
546 2577 ADD 3W 

5c;p l5jQCII SpO CTEsT FOR "X 
5'51 3p 
552 6562 JwP '+I@ 
553 1830 LDA l4 CCRUM UP 
554 a@@1 1 
555 6571 JNP 8~ 
5 5 6  1040 L D A  
557 0737 7x 
56121 2576 ADD 3 V  
561 4737 STC 7X 
562 l@pCi3 #?T LOA 
563 0574 8 B  
564 B546 OPR 46 
565 6564 J M P * @ ~  
566 0011 CLR 
567 4574 STC a8 
570 1440 #$S S R E T U R N  
571 I600 # 8 A  8 E 

573 la60 STA 8, 
574 @PI@@ #8B Pi 
575  60g0 J M P  aC 

60@ 1777 # 3 N  1777 CYSLOWER R O U N D  NOTE SIGN 
6@l 6000 %30 %I777 CY=uPPER B O U N D  NOTE, STGN 
602 7776 I3J t " Y  

'11 c*x , *y  
"'10 cp-x 

605 7765 "12 t c X , + y  
686 7775 "3 C * Y  
607 7971 e6 C + X t t Y  
610 77 
611 74 

612 00 

547 4737 STC 7x 

572 41574L Elg 

576 7776 # t * V  
577 0se1 n3w + 1  

I ON 



6657 
001 1 
4706 
4715 
001 1 
2016 
4722 

197 COFT 
613 7767 
614 0ac15 
615 7776 
616 1000' 
617 0734 
620 2735  
621 4736 
622 2080 
623 4454 STC 3R 
624 2733 ADD 3X 
625 0017 COM 
626 2737 ADD 7F 
627 E471 APO (I, 
630 6634 JMP '+4 
631 e076 SET Q 16 
632 7773 "4 
633 001'7 COM 

63.5 E0p0 #3B C/DELX/  
636 0011 C L R  
633  2736 ADD 3~ 

6 4 1  2740 A D D  7 Y  
642 e471 A P O  & 
643 6647 JbP ' + 4  
644 0075 SET 8, 15 

647 1060 STA & 

651 0Q77 SET 9( 17 
652 3777 "4000 
653 1600 BSE 
654 e635 38 
655 IE47pI AZE & 
656 6454 J M F  3R 
657 4667 #3E STC 3G 
66@ 2635 ADD 3R 
661 m241 R O L  1 
662 4635 STC 3B 
663 2650 ADD 3C 
664 0241 RgL 1 
665 4650 STC 3c 
666 1PJ2fl LDA & 
667 @@PI0 #3D CRESULT OF FSE 
67P 0241 R O L  1 

672 6676 JMP 'e4 
673 1500 SRO 
674 OB17 17 
675  
676 
677 
700 
701 
702 
703 

634 1060 STA 

6 4 0  P017 CgM 

645 7775 "3 
646 @ g l ' l  C O Y  

6 5 8  #3c C/DELY/ 

671 0451 A P O  

J P P  3~ 
CLR 
STC 3F 
STC 3G 

#3H CLR 
A D D  16 
STC 31 



P L o T l p l l  LNS706 
198 



CONT 
1 9 9  

CROUTINE TO PLOT DESIRED CURVES 
$1000 



2 0 0  





2 0 2  



203 



2 0 4  



2 0 5  



1602 
1683 
16@4 
1605 
1606 
1607 
1610 
161 1 
1612 
1613 
1614 
16 1.5 
1616 
1617 
162@ 
1621 
1622 
1623 
1624 
1625 
1626 
1627 
1030 
1631 
1632 
1633 
1634 
1635 
1636 
1637 
1640 
1641 
1642 
1643 
1644 
1645 

1647 

16,5 1 
1652 
1653 
1694 
1655 
1656 
1657 

1661 
1662 
1663 

1646 

1 6 5 ~  

1 6 6 ~  

17095 
17@1 

CONT 
7767 
7776 
0000- 
0000 
0 0 0'5 
2la00' 
0062 
0024 
3714 
433B 

#1K 

VALUES 

VALUES 



2 0 7  







210 
CQNT 

2@0 4265 STC9C+ 1 
2 B l  7743 J M P'1'7 4 3 
202 7513 *!?C 
203 7163 JMP1163 CFIND A V E R A G E  
204 t1256 9F 

9C 
9F 
JflP1734 
9 

Jr4P4PrP [PRINT IT 
"L 2 0 @256 

3 12 6460 
213 6640 JMP64Gr [PRINT 5 SPACES 
214 6640 JMP64p 
215 6640 JMP64fl 
216 6640 JMP6491 
317 6648 J.P P 6 4 IF 
22'E 0 @ 6 7  SFT&7 
221 4348 1XLs1+4@p1B 
222 1327 rY9f LDH&7 C ~ ~ O R M A L I P E D  VALUE 

224  7700 770Ef 
225 6230 JMPSJ CJUMP IF END OF CHARPCTFR STRING 
226 6642  JMP642 I: PR IEJT C H A R A C T E R  
327 6222 JMP91 [GET NEXT CHARACTER 
238 6640 8 9 J  JMP64p 
231 664@ JMP54P 
232 66461 JMP64B 
233 team LDA CSEK IF A V E R A G E  OF F I R S T  4 VALUES 
334 p1255 9 p1 
2.35 e478 ATER CS)( lp  IF MOT THE FIRST 
236 $246 JhP9K 
237 716? J ~ P l l 6 3  CpIVIclE P R E S E N T  A V E R A G E  
P4@ $3256 9F C B Y  FIRST AVERAGE 
241 7516 '9N 
242 64@Q, J'MPqee [PAINT NORMALIZED VALUE 
243 lir2.32 xSKkl2 [SKIP IF REQUIRED NO'' OF VALUES PRINTED 
244 6076 JffPSE COTHERIdISF: GET N E X T  4 V A L U E S  
245 6 0 0 6  JMP6 CEXIT 
246 1@2fl #9f( LDA& 
347 Ern81 1 
2sEi 4255 S T C W  

253 7516 @ 9 N  [ V A L U E  WILL BE 1 

2. 'r I 6E46 

223 1420 S n u  

231 7734 JMP'1734 [PUT A V E R A G E  UALUE: I N  
2 5 2  41256 9 F  C 9 N  SO THAT bORMALIZED 

254 6237 JMP9J+7 
255 PPI@@ Y9F: Q t F L p G  @ SET AFTER FIRST A V E R A G E  IN EACH 

[ G R O U P  OF VALUES IS COMPUTED 
256 0B00 #9F 0 [HOLDS PRESENT AVERAGE 
257 Iz0pic3 % 
26P: Oa00 0 

262 00410 0 
263 0@0@ # 
264 00@0 #9C 0 
265 0000, a 
266 0lbB0 e 
267 fl0P0 C9D @ 

261 0000 #9N P CHOLDS FIRST A V E R A G E  



CONT 
270 000m B 
271 empI e 

273 4587 4527 
274 5424 3424 
275 2614 2614 
276 4250 42% 
277 4743 4743 
301E: 5047 5047 
3 p l  1434 1434 
3@2 4114 41 14 
3@3 2626 2626 
3k4 6421 6421 
3P5 4@34 4034 
3p6 4177 4177 
3@7 4647 #!U 4647 [STROKE VOLUME IN C c  
318 4542 4542 
311 3630 363f1 
312 1451 1451 
313 4237 4237 
?14 5@4M 
715 3F14 

317 1426 1426 
32e 2677 2677 
321 4350 # l V  435R [PULSE RpTF If4 BEATS/MIM 
322 3746 3746 
323 3 P 1 4  3f14 
324 4524 4524 
325 473n 473B 
32’6 1434  1434 
377 4114 41 14 
a3e  253U 2730 
331 2447 2447 
352 4621 462 1 
333 4634 4P34 
334 4177 4177 
335 2451 # l k i  2451 C A V E R A G E  
336 31%45 3e45 
337 2432. 2432 
3461 3877 3y177 
341 4142 # f X  4 1 4 2  CNQRNALTZED V A L U E  
342 4540 454P 
,143 2437 2437 
344  3455 3455 
345 3@27 3827 
346 1451 1451 
347 2437 2437 

351 7777 
$377 

377 (z10pG? #92 E CNO, OF VALUES COLLECTED/4 

CTEXT’ 
T72 2624 4’17’ 2624 [ C A R D I A C  OUTPUT IN CC/MIN 

33% 
316 3441 344 1 

2 5 @  sm3p1 %;f 

COP VFRSIQN 02 
COUTFOT 
CCONVERSION 
CWODIFIED FCR KLEINsCHMIDT FTD 1 2 ~ 1 4 ~ 6 7  
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214 

557 
56iE 
561 

’462 
563 
564 

6 1 7  5624 JMP4J 



633 
634 
635 
630 
63'7 
640 
641 

642 
643 

C O W  
0576 

$565 
6017 
@'e Q El 
1520 
0014 

1120 
071 2 

@565 
46 
4 2  

215 



CONT 

721 7556 
722 7560 
723 7562 
724 7432 
725 7424 
726 75,@0 
727 7514 
73@ 7516 
731 7532 
732 7526  
733 7536 
734 7506 
735 74'16 
736 7 6 0 2  
737 76B4 
74P 7606 
741 76191 
742 7612  
743 76'14 
744 7616 

746 7622 
747 7624 
750 7626 
751 763Q 
7 5 2  7632 
753 7634 
754 7636 
755 7640 
756 7642 
757 7644 
7 6 ~  7646 
761 7650 
767 7652 
763 7654 
764 7656 
7 5 7660 

767 7664 
77P 7572 
771 76'12 
772 73'30 
773 7534 
774  751@ 
775 7666 

72@ 7554 

745 762121 

7 2 6 7662 

L.Ns711 

7954 
7956 
7568 

7 4'3 E 
7425 
7 5 0 ~ ~  

7332 

7962 

7314 
7516 

7526 
7536 
7506 
7416 

7604 
?€io$ 
7610 
7612 
7614 
7616 
7625 
7622 
7624 
7626 
7530 
7632 
7634 
7636 
764p 
'7642 
7644 
7646 

7654 
7656 

7664 

7612 

75@2 

755p 
7658 

7$6@ 
7662 

7572 
7F3@ 
7534 
B l a t  
7666 

216 



l e 1 5  e472 
1p?16 9517 
1@17 8,566 
182Pl 7401 
1021 0,452 
1822 7374 
1@23 '19)Ol 
1024 1043 
1825 1022 
1~126 1063 
l e 2 7  1022 

l@63 
1@31 7565 
!832 75@1 
1033 7523 
lfl34 7371 

l e 3 6  7322 
l a 3 7  # @ 4 1  

1372 
1P41 E?@62. 
l a 4 2  PQe0 
1043 733.4 
le44 7623 

1035 1023 

LNF: 10R2 217 
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1164 2000 
1165 74@6 
1166 3545 
1167 5,231 

117'1 047pI 
1 1 7 ~  1022 

7374 
1082 
0017 
1 IS1 
7352 
7320 
7374 
7334 
74 1 
?374 
l @ Z l  
f 063 
1Q21 
1063 
1022 
(3017 
5724 

5735 
5733 
5726 
8862 
172e 
7 37'6 
7227 
74p3 
75p: 1 
lfl2@ 
oflo 1 
7265 
0065 
77'17 
737 1 
1023 
045@ 
7244 
1 @E3 
(E470 
725 1 
@ E l  1 
737 1 
1 c?r23 
0451 
7256 
1 ae2 

,3!4 

;;:; 

1paa3 
AZE 

219 
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APPEND1 X 

OPERATIONAL DETAILS 

TAPES 

u n i t  1, and a sc ra t ch  t a p e  on u n i t  5 .  

SCOPE DISPLAY OF TEST - i n i t i a l  ( I N T  - DSP) and 

Mount LAP6 - 2s on u n i t  0 ,  LAP6 - 2s f i l e  with programs on 

-- 
f i n a l  ( F I N  - DSP1) 

Both u t i l i z e  SCOPE - SP. 
I n  a l l  cases where blanks are t o  be f i l l e d ,  t h e  number of 

typed e n t r i e s  must equal t h e  number of blanks. 
One cons tan t ,  rho ,  i s  i n i t i a l l y  s e t  equal t o  1 5 0  ohm c m .  If 

t h i s  value i s  c o r r e c t ,  type EOL and t h e  next d i sp l ay  w i l l  appear. 
If  i n c o r r e c t ,  type  DEL t o  erase t h e  1 5 0 ,  and then e n t e r  t h e  co r rec t  
value followed by EOL. 

made or blanks being f i l l e d ,  type t h e  charac te r  ( s )  again and 
t h e  d i sp lay  w i l l  reappear.  

before  typing S-EOL. Likewise, make su re  t h e  p r i n t e r  and p l o t t e r  
are on before  s e l e c t i n g  them f o r  output .  Before p l o t t i n g ,  pos i t i on  
t h e  pen a t  t h e  r i g h t  hand margin ( s m a l l  ho l e s ) .  A f t e r  t h e  f i r s t  
graph, t h e  pen w i l l  be posi t ioned under program con t ro l .  

If t h e  keyboard should lock down while s e l ec t ions  are being 

Needless t o  say - make su re  t h e r e  i s  an analog input  s igna l  

C O P Y I N G  PROGRAMS FROM MASTER TAPE TO USER TAPE 

from the Master t ape  on which they now r e s i d e  ( J U N C K E R  LAP6 - 2s 
F I L E )  onto another  t ape ,  use LAP6 - 2s and t h e  copy f i l e  command 
(+CF U N I T  EOL).  These s i x  rou t ines  are t h e  only e n t r i e s  i n  t h e  
Master t ape  f i l e  index, s o  t h a t  copying a l l  t h e  e n t r i e s  w i l l  not 
r e s u l t  i n  unwanted programs being t r ans fe r r ed  t o  t h e  u s e r ' s  t ape .  

EXAMINATION OF THE F I L E  I N D E X  BY COCAL 

t h a t  t a p e ' s  f i l e  index. A s  mentioned previously,  t h i s  t ape  i s  
mounted on u n i t  1. Once i n  execution, COCAL searches t h e  t ape  
f o r  t h e  f i l e  index, examining f i r s t  blocks 4 2 6 - 7 .  When found, 
t h e  index i s  searched for INT-DSP, COMPUTE1, FIN-DSP1, PLOTl and 
PRINT1. The block numbers of  t hese  rou t ines  are in se r t ed  i n t o  
appropr ia te  l oca t ions  i n  COCALS:. I f  a r o u t i n e  i s  not  found, t h e  
computer h a l t s  a t  l oca t ion  ( 1 2 3 4 ) * .  

DATA STORAGE 

and 2 7 1 ,  s t roke  volume i n  blocks 2 7 4  and 2 7 5 ,  and pulse  r a t e  i n  
blocks 2 7 6  and 2 7 7  of t h e  sc ra t ch  t ape  mounted on u n i t  5 .  Should 
t h e  use r  w i s h  t o  s t o r e  t h e  da t a  elsewhere, he  must modify t h e  
read/wr i te  i n s t r u c t i o n s  i n  COMPUTE1, FIN-DSP1, PLOTl and PRINT1.  

I_-__.- 

To copy COCAL, INT-DSP, COMPUTE1, FIN-DSPL, PLOT1, and PRINT1 

--_I_--- 

A l l  s i x  rou t ines  must e x i s t  on t h e  same t ape  and be l i s t e d  i n  

- 
Cardiac output  values  are a t  present  s tored  i n  blocks 2 7 0  

"The block numbers shown i n  the  l i s t i n g  of COCAL are not  
necessa r i ly  co r rec t .  
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USE OF PAGES BY THE PROGRAM 

Before Sampling During Sampling F i n a l  Display 

Page 0 COCAL 0 - 1304 COCAL 0 - 7 7 4  COCAL 0 - 774  

i n c l u d e s  the C.O.  va lues  C . O .  or S.V. 

r o u t i n e  to examine 1 0 0 0  - 1 7 7 7  o r  P.R. 1 0 0 0  - 1777 
t h e  f i l e  index  

Page 1 INT-DSP r a w  d a t a  r a w  d a t a  

Page 2 COMPUTE1 COMPUTE1 FIN-DSP1 

Page 3 - - - - S . V .  and P.R. PLOT1 or 
va lues  P R I N T 1  

RESTARTING COCAL FROM THE CONSOLE 

To res tar t  COCAL a t  t h e  beginning:& 

1) Redefine t h e  lower memory bank t o  be 0 
S e t  l e f t  swi tches :  LMB0 (code 6 0 0 )  
Raise DO l e v e r  

S e t  l e f t  swi tches :  U M B l  (code  6 4 1 )  
Raise DO l e v e r  

S e t  t h e  r i g h t  swi tches :  ( 4 7 1 8  
P r e s s  the START RSW b u t t o n  

To r e s t a r t  t h e  f i n a l  d i s p l a y  r o u t i n e  i n  COCAL i n  t h e  even t ,  
f o r  example, t h e  computer t r ies  t o  p l o t  d a t a  b u t  t h e  
p l o t t e r  has n o t  been tu rned  on,  r e p e a t  s t e p s  #l and # 2  
b u t  s ta r t  t h e  program a t  l o c a t i o n  (43318. 

2 )  Redefine t h e  upper memory bank t o  be 1 

3 )  S t a r t  a t  l o c a t i o n  ( 4 7 1 8  

ERROR I N  T 

There i s  a s m a l l  amount of  e r r o r  i n  t h e  computation of 
t i m e  T between b e a t s .  A t i m e  gap e x i s t s  between t h e  
sampling of s u c c e s s i v e  b e a t s  which needs t o  be cons idered  
f o r  accurate measurement o f  p u l s e  ra te .  Th i s  gap equa l s  
t h e  t i m e  s p e n t  i n  c a l c u l a t i n g  s t r o k e  volume, c a r d i a c  ou t -  
p u t ,  and p u l s e  ra te .  The e s t ima ted  va lue  of t h i s  gap i s  
62  m s .  (18 m s .  i n  COCAL, 44 m s .  i n  COMPUTE1). Converting 
t h i s  v a l u e  t o  l o c a t i o n s  g i v e s  3 1  l o c a t i o n s  or, when 
rounded o f f ,  30 l o c a t i o n s .  I added t h e  o c t a l  e q u i v a l e n t  
of  30, 36, t o  t h e  t i m e  T as c a l c u l a t e d  by COCAL i n  
l o c a t i o n s  372 - 376.  

The u s e r  may wish t o  add a number o t h e r  t h a n  3 6 .  
h e  should change t h e  c o n t e n t s  of  l o c a t i o n  374.  

If so ,  

*LAP6-2S and -t LOCOCAL,lEOL may also be used.  
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Computation of Stroke Volume 

p = p-ohm cm (rho) 

L2 = (Lcm/10)2 L is multiplied by 10 when entered 

T = (t addresses)(2ms/address)(lsec/103ms) = 
2t sec/l03 

DZ = sampled value of (dZ/dtImin 

(dZ/dtlcal = 100 ohms/sec = K volts[(dZ/dt)cal is 
multiplied by 100 when entered] 

Z, = sampled value of Z, 

= 100 ohms = J volts [Zeal is multiplied by 
100 when entered] 

'tal 

Insert in?o formula: 

which reduces to: 

Stroke volume = AV = pL2t(DZ)(Z2) * -  51 cm3 
KZ2 106 
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Computation of Pulse Rate 

T = t’ addresses * 2ms/address 1 sec/103ms 
1 mid60 sec = tc min/3 x lo4 

t’ = time in addresses between beats (plus 368 
to allow for computation (of c.o., etc.) 

Pulse Rate = 1/T beats per min. 

Computation of Cardiac Output 

Cardiac output = AV/T cc/min 
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CARDIPC,  OPTF,UT I N  CC 1 f l I . N  
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